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ABSTRACT

Zukowski, Samual R. PhD., Purdue University, December 2016. Characterization of Water
Mediated Hydrophobic and Ionic Interactions Using Spectroscopic Measurements. Major
Professor: Dor Ben-Amotz.

Raman spectroscopy can be combined with multivariate curve resolution (MCR),
more specifically, self modeling curve resolution (SMCR) to study biologically relevant
phenomena, as well as fundamental questions. SMCR can be used to decompose the
mixture solution spectrum of two components into the solvent and solute-correlate (SC)
spectra. The SC spectrum contains features that arise from the solute, as well as perturbed
solvent molecules, and can give insight into the hydration or solvation of the solute. For
example, the hydration shell of carbon dioxide was qualitatively compared with the
similarly sized hydrophobic group of ethanol. The results reveal that the hydration shells
of both molecules are characterized by enhanced tetrahedral order compared to bulk water.
However, the tetrahedral order is disrupted by entropically stabilized weak hydrogen
bonding between hydration shell water molecules and CO2. Additionally, in contrast to
ethanol, the temperature dependence of the CO2 SC spectrum reveals that hydration shell
water molecules undergo a structural transformation at low (physiological) temperatures,
which suggests some biological importance.
Raman-MCR is also used to investigate the water mediated interactions associated
with protein systems. Zinc, calcium, and magnesium are essential for hundreds of enzyme

xxii
pathways, DNA and RNA synthesis, and the stabilization of ATP, and yet their relative
binding strength to carboxylate groups is unknown. The order of Zn2+>Ca2+>Mg2+ was
determined by probing the blue shift and intensity decrease of the carboxylate CO
stretching band. Additionally, the influence on hydrophobic hydration of charged polar
species is investigated. SC spectra of aqueous amphiphilic solutes containing neutral or
charged groups were used to elucidate the influence of charge on hydrophobic hydration.
The results suggest that neutral head groups have less influence on hydrophobic hydration
shell structure than charged groups, and cationic groups stabilize neighboring clathratelike hydrophobic hydration shell structures more significantly than anionic groups, both of
which have implications related to the charged patches of proteins.
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CHAPTER 1. SPECTROSCOPIC TECHNIQUES AND EXPERIMENTAL METHODS

1.1. Raman Spectroscopy
Although most photons scatter elastically (with no change in incident photon
energy; called Rayleigh scattering), roughly one in one million scatter inelastically (with a
change in incident photon energy; called Raman scattering) from a molecule. Raman
scattered photons correspond to the vibrational modes of the molecule in which the incident
light interacted. Either a loss in energy (Stokes) or gain in energy (anti-Stokes) can occur;
with Stokes scattered photons being much more probable.
A monochromatic laser is used to excite the vibrational (and rotational) modes of a
molecule into a virtual energy state. The molecule then relaxes, resulting in either a Stokes
or anti-Stokes scattered photon. The following work makes use of a home-built Raman
system to achieve high signal to noise.2,3 An argon-ion laser is used with an excitation
wavelength of 514.5 nm and a power of ~15 mW at the sample. The Stokes backscattered
photons are sent through a fiber optic cable, consisting of seven individual fibers, to a
spectrometer with gratings of 300, 600, and 1200 grooves/mm with spectral resolutions of
~6, ~3, and ~1 cm-1 (wavenumbers), respectively. The photons are then detected using a
charge coupled device (CCD) camera which contains 1340 wavelength channels. Unless
otherwise specified, all spectra are collected with an integration time of 5 minutes in either

2
duplicate or quadruplicate. In addition, both horizontal (H) and vertical (V) polarized light
is collected using the 300 grating (spectral resolution of ~ 6 cm-1).
The spectrum of a neon pen lamp is also collected to convert the CCD camera pixels
into wavenumber units (cm-1) on a day to day basis. For the 300 grooves/mm grating, 6 of
the neon spectral lines of known wavelength4 are used to calibrate the pixels of the CCD
camera for the collected Raman spectra. A third order polynomial is used to correlate CCD
camera pixels and wavelength, in nm. Once the wavelength of each pixel is known, the
wavelengths can then be converted to Raman shift frequencies, in wavenumber units,
cm-1, using Equation 1.1.
1
1
10 nm
1.1
1 cm
nm
nm
After converting the CCD camera pixels to wavenumber units, the spectral range is
Δ cm

determined to be ~30 cm-1 to ~6800 cm-1. Figure 1.1 shows an example of the Raman
spectrum of pure water, at 20°C, collected using the home-built Raman system. As
indicated in Figure 1.1, three known4 spectral lines (others lines are blocked using a filter)
of helium are also included in each collected spectrum so that the spectra can be
horizontally shifted such that the three He spectral lines in all collected spectra overlap.
This horizontal shift correction prevents any artifacts from small drifts during analysis, as
horizontal drift can lead to artifacts in output spectra.
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Figure 1.1. Raman spectrum of pure water at 20°C. Note that three helium spectral lines
are included in the raw Raman spectrum of water, and the OH bending and stretching
vibrational bands. The corresponding wavenumber of the three spectral lines shown are
4462.25 cm-1, 5283.47 cm-1, and 5702.91 cm-1, respectively.
1.2. Raman Multivariate Curve Resolution (Raman-MCR)
In this work, Raman spectroscopy is combined with multivariate curve resolution
(MCR), specifically self-modeling curve resolution (SMCR).5,6 In short, Raman-MCR can
be thought of as a difference spectroscopy in which a minimum area difference spectrum
is obtained by subtracting a solvent spectrum from a mixture spectrum with an appropriate
coefficient to ensure non-negativity. The resulting minimum area difference spectrum is
referred to as the solute-correlated (SC) spectrum, and contains vibrational features arising
from solute molecules and solvent molecules that are perturbed by the solute. When
referring to the part of the spectrum that contains OH features (or other water features)
specifically, the SC spectrum will be referred to as a hydration shell spectrum.
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1.2.1. Self-Modeling Curve Resolution (SMCR)
As previously stated, the MCR algorithm employed in this work is SMCR, and is
implemented in IGOR Pro (WaveMetrics). SMCR can be used to analytically decompose
a mixture spectrum into its principle components, but is limited to two component
mixtures. SMCR is based upon analytical Equation 1.2:
1.2
The first relationship is general for MCR, where D is a matrix containing the mixture
spectra, C is a matrix containing spectral concentrations (how much of each pure
component makes up the mixture spectra in D), and E is the resulting error from the
decomposition of the mixture spectra. The second relationship is more specific to the two
component systems studied in this work, where cB and SB are the bulk spectral
concentration and pure component spectrum, respectively, while cSC and SSC are the solutecorrelated spectral concentration and solute-correlated component spectrum, respectively.
In essence, Raman spectra are measured and used as inputs to matrix D. the SMCR
algorithm is then used to determine S and C.
and
1.3
When analyzing Raman spectra for the results contained in this work, the matrix, D,
contains the mixture spectra in addition to the pure component water spectra (which is also
one of the pure spectral components in matrix S). Figure 1.2 is an example of such an
SMCR decomposition of an aqueous solution of CO2 (Figure 1.2A) into pure water (Figure
1.2B) and SC (Figure 1.2C) components. As mentioned in section 1.1., the spectra in Figure
1.2 A-B have been horizontally shifted such that the three He spectral lines (not shown)
overlap, preventing the appearance of drift artifacts in the SMCR analysis output (as have
all spectra contained within this work).
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Figure 1.2. (A) Raman spectrum of CO2 and water mixture. (B) Raman spectrum of pure
water. (C) one output of SMCR, the SC spectrum of CO2 (solid and dashed red), which
contains features from CO2 molecules, as well as any water molecules that are perturbed
by the presence of the CO2. The bulk (dashed blue) water spectrum pertains to water
molecules unperturbed by CO2 and is included for comparison with the signal from water
molecules in the CO2 SC spectrum (which are perturbed by CO2). Roughly, the SC
spectrum in (C) is obtained by subtracting (B) from (A).

The SC spectrum (solid red) in Figure 1.2 (C) contains CO2 features (CO stretch
bands at ~1300 cm-1) as well as features from perturbed water molecules (OH stretch bands
at ~3200-3700 cm-1). The fact that there is non-zero signal in the OH region (~3200-3700
cm-1) of the CO2 SC spectrum indicates that water molecules are indeed perturbed by the
presence of CO2. The bulk water spectrum (dashed blue) in Figure 1.2C pertains to water
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molecules that are unperturbed by CO2 (and therefore resemble pure water). It is important
to note that in Figure 1.2C, the SC spectrum of CO2 has been magnified by a factor of 30
(solid red) to highlight hydration shell features. The actual intensity of the CO2 SC
spectrum (dashed red) illustrates the importance of high signal to noise Raman spectra. If
the signal to noise were too low, the small signal resulting from perturbed water molecules
would be lost in the noise.

1.2.2. Applications to Three Component Systems with SMCR
In the previous section, an example of the decomposition of aqueous CO2, a two
component system, was illustrated. There are situations in which three component analysis
is required, such as the interaction between two species in water.7 While SMCR is a two
component decomposition method, one can devise three component experiments in which
decomposition by SMCR is possible. In other words, the three component system is
reduced to a two component system. The key is to vary only one component concentration
at a time. This technique can be used to reduce any system containing a reasonable number
of components to a two component system. This may be visualized by imagining that one
component contains all but one species, while the other component contains all species. In
Chapter 2, this spectral technique is used to study the interactions between CO2 and
alcohols or carboxylic groups in aqueous solutions.
Figure 1.3 shows an example of analyzing a three component system (CO2,
neopentanol, and water) using SMCR. In this case, the output of SMCR is a CO2 SC
spectrum that contains features from CO2 (~1300 cm-1), as well as perturbed neopentanol
(~2900 cm-1) and water molecules (~3400 cm-1). As stated in the previous section, the fact

7
that there is non-zero signal in the CH (~2900 cm-1) and OH (~3400 cm-1) regions indicates
that both the neopentanol and water molecules are perturbed by the presence of CO2. In
other words, the fact that there are neopentanol features included in the CO2 SC spectrum
are indicative of a small CO2-neopentanol interaction. However, in section 2.5.3 it is shown
that this interaction has very little influence on the hydration shell of neopentanol.
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Figure 1.3. (A) Raman spectrum of CO2, neopentanol, and water mixture. (B) Raman
spectrum of neopentanol and water mixture. (C) CO2 SC spectrum which contains features
from CO2, as well as from perturbed water and neopentanol molecules. The bulk (dashed
blue) water spectrum pertains to water molecules unperturbed by CO2 and is included for
comparison. Roughly, the SC spectrum in (C) is obtained by subtracting (B) from (A).

If SMCR were performed on the spectrum in Figure 1.3A and a pure water spectrum
(such as that from Figure 1.2B), the resulting SC spectrum would contain features from
both CO2 and neopentanol, as well as water molecules perturbed by either solute. However,
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this SC spectrum would not contain information about the interaction between CO2 and
neopentanol, only information about the perturbed water molecules from both species.
Analysis such as that illustrated in Figure 1.3 is necessary to disentangle the two solutes to
allow the study of solute-solute interactions in water. A similar analysis can be done to
obtain the SC spectrum of neopentanol, which would contain features from neopentanol,
as well as perturbed CO2 molecules and/or water molecules (see section 2.5.3).

1.2.3. SMCR Ambiguities
There are two ambiguities associated with SMCR (and MCR in general): intensity
and rotational.6 Intensity ambiguity refers to the fact that increasing either the concentration
of a component or its scattering cross section (scattering ability relative to other
components) has the same effect. By independently determining a component's intrinsic
intensity, this ambiguity can be eliminated. An example of intensity ambiguity would be
an increase in the area of the CO stretch, which could be a consequence of an increase in
either the CO2 concentration or the scattering cross section of CO2.
Rotational ambiguity emerges from the fact that Equation 1.2 can be rewritten as:
∗ ∗

where M is any nonsingular (invertible) transformation matrix,
. Since M can be any nonsingular transformation matrix,

∗
∗

, and
and

∗

∗

1.4

are now a

collection of spectral concentrations and component spectra that equally represent the input
mixture spectra. When studying aqueous CO2 mixtures, rotational ambiguity can be
thought of as the ambiguity in the boundary of the hydration shell of CO2. In other words,
the true SC component spectrum resides somewhere in between the minimum area SC
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component spectrum and the mixture spectrum. The spectra in between these two bounds
can be obtained by adding a varying amount of the pure water component to the minimum
area SC component spectrum. The addition of an increasing amount of pure water
component corresponds to increasing the size of the solute's hydration shell (Figure 1.4).

Figure 1.4. SC spectra illustrating the family of SC spectra (dashed red) resulting from the
rotational ambiguity associated with SMCR as it pertains to the hydration shell of a
hydrophobic solute, such as CO2. The raw water spectrum (dashed blue) is included for
comparison.

1.2.4. Spectral Dilution
As mentioned in section 1.2.2, there are situations in which a three (or more)
component system can be reduced to a two component system, by only varying one
component concentration at a time. Therefore, it is important that all the components that
are to remain constant have matching concentrations (to within spectral uncertainty) in
order to correctly reduce the system to two components. For correct headgroup subtraction,
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(for example, in the case of -COOH for carboxylic acids, -COO- for carboxylates, N(CH3)3+ for trimethylammoniums, etc) isolation of SC contributions from hydrocarbon
chains requires closely matching concentrations.8,9 While it is important to ensure that
concentrations of certain components match spectroscopically, matching these
concentrations experimentally can become tedious. Spectral dilution alleviates some of this
tedium by allowing one to mathematically alter the concentration of a component and avoid
wasting chemicals or time.
In cases where no solute-solute interactions are negligible (i.e. in the absence of
molecular aggregation), the SC spectra for a given solute are concentration independent.10
An example of this is illustrated in Figure 1.5, which shows that the SC spectra of
neopentanol are independent of solute concentration in the range 0.2 to 0.4 M.

Figure 1.5. SC spectra of 0.2, 0.3, and 0.4 M neopentanol, illustrating that the SC spectra
are independent of concentration for the range 0.2 to 0.4 M. The inset shows an expanded
view of the OH or hydration shell region of the SC spectra.

12
Equation 1.5 can be used to spectrally dilute a spectrum composed of two
components to an adjusted concentration within the region where the SC spectra are
concentration independent.
1

∗S

∗S

S

1.5

Where r is the dilution fraction, Scomponent1, Scomponent2, and Sadjusted are the first component,
the second component, and the spectrally diluted spectrum, respectively. Figure 1.6 shows
an example of spectrally diluting a 0.25 M neopentanol solution to obtain spectrally diluted
spectra that are 0% - 100% (in 10% increments) of the original aqueous neopentanol
spectrum. In Figure 1.6, the spectrum in A is component1, the spectrum in B is
component2, and the spectra in C are the adjusted spectra (from Equation 1.5). It should
be noted that SC spectra output by SMCR must be the same for any of these inputs. An
Igor procedure code is included in Appendix B to spectrally dilute collected Raman mixture
spectra (B.4).

Figure 1.6. (A) Experimentally measured Raman spectrum of pure water, (B)
experimentally measured Raman spectrum of 0.25 M neopentanol, and (C) calculated
spectra of mixtures of neopentanol and water at various fractions of 0.25 M. Note that the
spectra in (A)-(C) only include the CH stretch and OH stretch bands.
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1.3. Conclusions
The combination of high signal-to-noise Raman spectroscopy and multivariate
curve resolution (MCR), more specifically self modeling curve resolution (SMCR), along
with the spectroscopic techniques in this chapter, permit the study of a plethora of
fundamental and biological phenomena. The chapters that follow discuss several such
phenomena, including the hydration of CO2, binding of divalent metal cations to
carboxylate groups, the influence of charge on neighboring hydrophobic hydration shell
structure, the influence of solute shape on hydrophobic hydration, gauche/trans
conformational change of hydrated n-butane, and supercooled aqueous solutions.
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CHAPTER 2. HYDRATION SHELL STRUCTURE OF CO2 IN LIQUID WATER

2.1. Introduction
Carbon dioxide (CO2) is a greenhouse gas, and as a result, has recently become
a hot research topic. The hydration of CO2 is of particular interest, as up to 80% of
anthropomorphically generated CO2 is absorbed by oceans.11,12 The interactions
between water and small, hydrophobic molecules such as methane (CH4) and nitrogen
(N2) are generally difficult to study because of their low solubility near ambient
conditions (20°C and 0.1 MPa). Fortunately, CO2 has sufficient solubility in water
(~0.3 M) at slightly elevated pressures (~1 MPa) due to a large quadrupole moment 13

10-40 C m2, or 6 times that of ethane,13,14 so that its hydration shell can be probed

by Raman-MCR.
The large amount of atmospheric CO2 that is removed by the oceans (11

109

tons15 per year) begs an understanding of the interactions between CO2 and water.
However, no previous experimental studies have probed the hydration-shell structure
of CO2, although some studies have been performed on the structure of CO2 in liquid
water.16–18 There have also been quantum and classical simulations of the hydration
structures of CO2, which indicate that CO2 behaves as a hydrophobe and hydration shell
water molecules are weakly hydrogen bonded to it.12,16,19–21 Supercritical CO2 (pressure
of ~7.4 MPa and temperature of 304 K) behaves as a nonpolar solvent, as it can be used
to extract caffeine22, and has a low dielectric constant, ~2ε0.23 This may be an indication

15
that CO2 interacts with water in a similar manner to that of a hydrophobic solute, in
accordance with predictions by many studies.

2.2. Methods

2.2.1. Pressurization Techniques
While CO2 has sufficient aqueous solubility, elevated pressures between 0.8-2
MPa (8 to 20 atm) are required to attain reasonable concentrations for Raman-MCR
studies. Because of this, a method capable of reaching such pressures that is compatible
with the Raman system described in Section 1.1 is required. The two methods by which
stable elevated pressures were achieved follow: pressurized gas cylinder and dry ice.
In both cases, the concentration of any gas can be spectroscopically determined using
a correlation between CO area and molar concentration (see Figure A.3 and Figure A.7
in Appendix A).

2.2.2. Pressurized Gas Cylinder System
The first method of carbonation involves a pressurized cylinder of CO2 (or other
gas) along with high-pressure rubber tubing (rated to ~2 MPa). Figure 2.1 shows the
spectroscopic increase in CO2 concentration as it diffuses into the pure water after
initial pressurization. The solution becomes saturated with CO2 after ~100 minutes (at
a pressure of ~0.9 MPa) when focusing the laser ~5 mm from the solution surface.
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Figure 2.1. Raw Raman spectra of aqueous CO2 from the initial pressurization (0
minutes) to saturation of CO2 (~120 min). The top inset is the CO stretch area vs. time
(in minutes) and the bottom inset shows the CO2 stretch bands. From these spectra, it
is apparent that gaseous CO2 equilibrates with water after ~2 hours when focusing 5
mm below the solution surface.

The pressurized cylinder system (Figure 2.2) has a split line (using a Tconnector) so that two samples may be simultaneously pressurized. It should be noted
that the gas cylinder system can handle any gas that does not chemically interact with
the rubber tubing (and is only viable under pressures of 2 MPa). An adapter is used to
connect the ¼ inch tubing to the ½ dram vial. The pressurized cylinder system allows
for precise control of the CO2 pressure (and thus concentration) via the regulator.
However, the maximum delivery pressure of the CO2 regulator is ~0.9 MPa, which
limits the concentration of CO2. A similar procedure can be followed to pressurize
samples that are not pure water, such as aqueous mixtures and pure organic solvents
(as discussed in section 2.5). The equation for approximate diffusion time, ~

, can
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be used to determine the solvent volume (based on container dimensions) to be
carbonated (or other gas) where t is time, x is depth, and D is the gas’s diffusion
coefficient.

Figure 2.2. Schematic of the pressurized cylinder system.

2.2.3. Pressurization with Solid CO2 (Dry Ice)
Because of the limitations of the regulator’s delivery pressure (~0.9 MPa),
another method for attaining higher aqueous concentrations of CO2 was required. This
method involves using dry ice to pressurize the water with CO2, and allows for higher
pressures to be reached. An appropriate amount of dry ice was added to a vial (which
can safely be pressurized to 2 MPa) containing 1 mL of water. The vial was then capped
with a Viton Fluoroelastomer O-ring (McMaster-Carr, 9464K13, Dash # -008) to
maintain pressure and left to equilibrate overnight. Using dry ice, a pressure of ~1.2
MPa (estimated using the ideal gas law:

) or CO2 concentration of ~0.4 M

can be reached. The vials were submerged in a beaker of water to ensure that no CO2
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escaped. In addition to the ability to attain higher CO2 concentrations, this method
decreases the chance of introducing impurities as no rubber tubing or metal piping is
used. The samples prepared using this method can also be stored as they are not
attached to any system. A similar procedure can be followed to pressurize samples that
are not pure water, such as aqueous mixtures and pure organic solvents (as discussed
in section 2.5), although CO2 solubility is dependent upon the solvent. It should be
noted that certain chemicals such as acetone, 1-chloropropane, and 1,2-dichloroethane
bubble vigorously when dry ice is added to them and that care should be taken in such
situations. The same equation for diffusion time can be used from the previous section
to determine the best volume of solvent.

2.2.4. Simulation Details
ab initio molecular dynamics (AIMD) simulations were performed by Kersti
Hermansson and Pavlin Mitev from Uppsala University in Sweden. ab initio-molecular
dynamics (AIMD) simulations for four systems were carried out: CO2 dissolved in
liquid H2O water, CO2 dissolved in liquid D2O water, and as reference systems the pure
H2O and D2O liquids. The pure H2O water system was modeled by 112 H2O molecules
in a cubic box of length 14.917 Å (ρ=1 g/cm3) with periodic boundary conditions, and
for the corresponding aqueous solution, one water molecule was exchanged for a CO2
molecule giving a 0.5 molal solution. The concentration of the deuterated CO2 aqueous
solution was 0.2 molal, and the MD box of side length 19.71 Å consisted of 1 CO2
molecule + 255 D2O. The pure D2O(l) system consisted of 256 D2O water molecules
in a box of the same size.
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The electronic structure calculations were carried out using the hybrid Gaussian
plane-wave method24 as implemented in the QUICKSTEP/CP2K code.25 Triple-zeta
valence doubly polarized (TZV2P) basis sets, previously shown to provide a good
compromise between accuracy and computational cost, was used. The BLYP exchange
correlation functional was used and supplemented with the Grimme-D3 dispersion
correction

26

The core electrons were treated by the Goedecker-Tetter-Hunter norm-

conserving pseudopotentials.27,28 The quality of this computational setup was
thoroughly investigated by Jonchiere et al.29 in their work on water with good results.
In all cases, the molecular dynamics simulations were of the Born-Oppenheimer
type and were carried out in the NVT ensemble with a Nosé-Hoover thermostat chain,
and with a target (and actual) temperature of 323 K. For the two protonated systems
the time-step was 0.25 fs, and twice as large for the deuterated systems. For the two Hcontaining systems, averages were collected from 110 ps (or longer) runs, preceded by
at least 10 ps equilibration to achieve reasonable dynamical equilibrium. The
production runs of the deuterated systems were 60 ps long.
Vibrational density of states for the OH (or OD) vibrations were generated from
the Fourier transform of velocity-autocorrelation functions for the hydrogen (or
deuterium) atoms. These spectra (for the solution and for the pure solvent) were then
exposed to the same MCR treatment as the experimental spectra, and the results are
reported in Figures 1A and B of the parent manuscript.
Additionally, we made use of the power of computer simulations to identify features of
the MCR-derived SC spectra. An analysis of the AIMD trajectories allowed us to
identify water molecules located in the first hydration shell that form weak and short-
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lived H-bonds to the solute molecule. We then calculated the vibrational density of
states for these hydrogen atoms, i.e. that resided closer than 2.5 Å from any atoms of
the CO2 molecule. In this analysis, the averaging was carried out taking into account
the (continuous) residence times of the hydrogen atoms in the selected region. The SC
spectra were generated by analyzing these two power spectra with SMCR, which was
implemented in Igor Pro 6.37A (Wavemetrics, Inc.).

2.2.5. Spectroscopic Details
Raman vibrational spectra were collected using a home-built Raman instrument
(514.5 nm Argon ion laser with a laser power of 14 mW at the sample).2,3 For each
sample, either 2 or 4 spectra (to obtain appropriate signal to noise), with a total signal
integration time of five minutes per spectrum, were collected. It should be noted that
½ dram vials (Kimble Chase, 60812B-12, 12x35 mm, Clear Screw Thread Vial) were
used to collect spectra instead of spectroscopic cuvettes, due to the elevated pressures.
The glass vials were placed in copper holders that were the same size and shape as the
spectroscopic cuvettes normally used with the sample holder. This was done to ensure
the glass vials were equilibrated to the correct temperature in a reasonable amount of
time. Raman spectra were collected from 0°C to 100°C using a temperature (to the
nearest 0.01°C) controlled spectroscopic cell holder (LC600, Quantum North-west).
For temperatures below 15°C, a N2 gas flow was used in the spectroscopic cell holder
to prevent condensation and icing on the outside of the cuvettes. SMCR2,5,6 was
implemented in Igor Pro 6.37A (Wavemetrics, Inc.) to analyze the collected Raman
spectra.

21
2.2.6. Chemical Details
CO2 was used in two different forms: a pressurized gas cylinder (99.5+%,
Indiana Oxygen) and dry ice (95+%, Purdue University). Ethanol-d5 (99.6+%, CDN
Isotopes), diethyl ether-d10 (99%, Cambridge Isotope Laboratories), methanol (99+%,
Sigma), n-butanol (99.4+%, Mallinckrodt), n-pentanol (99+%, Sigma Aldrich), nhexanol (98%, Sigma Aldrich), n-heptanol (98%, Aldrich), 1,2-dichloroethane (99.8%,
JT Baker), 1-chloropropane (98%, Aldrich), sodium formate (99+%, Sigma Aldrich),
formic acid (88% Mallinckrodt), and hexanoic acid (99.5%, Aldrich) were used without
further purification. Aqueous solutions were prepared using ultra-purified water (MilliQ UF Plus, 18.2 MΩ·cm, Millipore), and pressures between 0.8 and 1.2 MPa were used
to carbonate samples (corresponding to aqueous CO2 concentrations between ~0.2 and
~0.4 M) at 20°C. Concentrations of CO2 in solvents other than water were not vital to
interpretation of the spectra, and thus were not recorded, but were in the range ~0.2 M
to ~1 M.

2.3. Hydration Shell Spectrum of CO2
Here, Raman-MCR is used to probe the hydration shell of CO2, which indeed
resembles that of similarly sized hydrophobic solutes, with the exception of a large,
entropically stabilized, dangling OH like peak.30,31 Additionally, a dramatic structural
transformation of the water molecules around CO2 is observed at physiological
temperatures, reminiscent of the structural transformation observed around linear
alcohols.1
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Although supercritical CO2 behaves like a nonpolar solvent, there are currently
no experiments showing how the quadrupole would interact with water under oceanic
conditions. Figure 2.3 compares the solute correlated (SC) spectra of ethanol-d5 (black)
and CO2 (red), as well as the spectrum of pure water (dashed blue) for comparison (note
that the SC spectra have been normalized to the same solute concentration, see Figure
A.3 in Appendix A). The H-bonding OH region (~3100 cm-1 to 3600 cm-1) of both SC
spectra reveal that ethanol-d5 and CO2 interact with water in a similar manner as both
SC spectra have a similar shape, with enhanced tetrahedrally ordered water molecules
(peak at ~3250 cm-1), compared to bulk water, although CO2 has diminished intensity
compared to ethanol. The peak at ~3250 cm-1 has been assigned to tetrahedral order,
which is supported by the appearance of similar features in the Raman spectra of ice32
and clathrate hydrates33, which are highly tetrahedrally ordered. This was not expected;
something more similar to the SC spectrum of aqueous acetone or carboxylic acids was
expected as they both contain CO groups (examples of SC spectra for carboxylic acids
are included in Chapter 4, specifically Figure 4.2C and Figure 4.4).
A striking difference between the two SC spectra (and the bulk water) is that
even though both contain high frequency non-H-bonded OH peaks (~3660 ± 10 cm-1
range), the peak in CO2 is ~20 times larger, and is red shifted relative to that of ethanold5. While the peak at ~3667 ± 2 cm-1 in ethanol-d5 has previously been assigned to
dangling OH bonds in the hydration shell30,34, the peak at ~3654 ± 1 cm-1 in the CO2
SC spectrum is most likely due to very weak hydrogen bonding between hydration shell
water molecules and CO2. The peak in the SC spectrum of CO2 is not quite as red
shifted as water molecules that are π-hydrogen bonded to benzene, which appear at
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~3610 cm-1, and is ~3 times smaller (see Figure A.4 in the appendix).3 The large area
of the non-hydrogen bonded feature in the CO2 SC spectrum indicates that it has a
lower free energy. The thermodynamics (free energy, entropy, and enthalpy) of this
high frequency band are discussed in the next section.
Raman-MCR results suggest that there is a probability of ~0.1 forming an Hbond between CO2 and water, while previous simulation studies have predicted a range
of values, 0.06 to 0.6.16,20,21 Additionally, a theoretical study by Kumar and coworkers
predicted that the strength of the H-bond between water and CO2 to be ~10 kJ/mol,
which is in reasonable agreement with our calculated enthalpy of ~11 kJ/mol for the
formation of the observed high frequency OH (see section 2.4.2 for details).21

Figure 2.3. SC spectra for ethanol-d5 (black) and CO2 (red). The spectrum of pure water
(dashed blue) is included for comparison. The inset contains an enlarged non-hydrogen
bonded OH stretch region of the three spectra. The two SC spectra have been
normalized to the same solute concentration.
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When CO2 is dissolved in water, an equilibrium between several species is
reached:
CO

gas ↔ CO

aq ↔ H CO aq ↔ H

aq

HCO aq ↔ 2H

aq

CO

aq 2.1

The concentrations of each of these species is determined primarily by pH of the
solution, temperature, and pressure of CO2 gas above the surface. When CO2 is added
to pure water, the solution becomes acidic, and is dominated by dissolved CO2 gas
(with an equilibrium constant of ~0.002 for the formation of carbonic acid (H2CO3),
and increases slightly with increasing temperature.35–37 At a temperature of 25°C and a
pressure of 0.1 MPa, the concentration of CO2 is ~0.03 M, while the concentrations of
all other species is less than 10-4 M. In addition to equilibrium calculations,
spectroscopic studies were done to ensure that the aqueous solution was dominated by
dissolved CO2 (see Figure A.1 in Appendix A).
Figure 2.4 compares the CO2 SC spectrum to that of pure CO2 in both the solid
and gaseous phases. It is evident in these spectra that the blue SC spectrum contains
CO2 features (CO stretch), as well as OH stretch peaks, which must be from water
molecules that are perturbed by the presence of CO2 molecules. There are also small
changes in the CO stretch features of CO2, such as changes in the relative areas and
small shifts (~4 cm-1) in the two CO stretch bands. SC spectra showing the HCO3- and
CO32- ions are included in the appendix (Figure A.1) as further proof that the SC
spectrum shown in Figure 2.3 is dominated by CO2.
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Figure 2.4. Spectra of CO2 in H2O (blue), pure CO2 in the gas phase (black), and pure
CO2 in the solid phase (red). Note that the two peaks in the gaseous spectrum (black)
at ~1550 cm-1and ~2350 cm-1 are O2 and N2, respectively, from the air trapped in the
pressurized vial.

Figure 2.5 contains the SC spectrum of CO2 in water (H2O) and heavy water
(D2O), as well as ab initio molecular dynamics (AIMD) simulation results (Kersti
Hermansson and Pavlin Mitev, Uppsala University, Sweden; see section 2.2.4 for
details) of CO2 in H2O and D2O which are qualitatively similar in the OH and OD
stretching regions (2100 cm-1 to 2800 cm-1). The simulation shows both
hydrogen/deuterium bonded (H/D-bonded) OH/OD (~2100 - 2600 cm-1), as well as
non-H/D-bonded OH/OD (~2700 cm-1). The simulation SC spectrum has a larger
fraction of H/D-bonded OH/OD than non-H/D-bonded OH/OD relative to the SC
spectrum obtained using Raman-MCR. It should be noted that the simulation SC
spectra contain no CO2 features.
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Figure 2.5. (A) SC spectra for CO2 in H2O obtained using Raman-MCR and ab initio
molecular dynamics (AIMD) simulations (inset). (B) SC spectra for CO2 in D2O
obtained using Raman-MCR and AIMD simulations (inset). It should be noted that the
simulation spectra contain no CO2 features. Pure H2O and D2O spectra (both
experimental and simulation) are included for comparison (blue dashed).

While the CO2 SC spectra up to this point have been of equilibrated carbonated
solutions, another important aspect to consider is the change of CO2’s hydration shell
upon pressurization and depressurization. Many people are interested in formation of
bubbles and their impact in biological and mechanical systems, specifically the
conditions conducive to bubble formation.38–42 While the formation of CO2 bubbles
occurs in seconds after agitation, making it difficult to study their hydration shell, an
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attempt was made to study the hydration shell of CO2 during pressurization and
depressurization. Raman spectra with a total integration time of 1 min were taken
continuously as water was pressurized with CO2 for 120 minutes, and then quickly
depressurized (using a quick release valve) and allowed to reach equilibrium (resulting
in a supersaturated solution). Figure 2.6 summarizes the results of the pressurization
and depressurization of water with CO2.
As more and more CO2 is solvated by water, the hydration shell spectrum does
not change significantly. However, as the pressure is released (starting at 120 min),
there is a slight increase in the strongly H-bonded OH peak (~3250 cm-1) relative to the
weakly H-bonded OH peak (~3400 cm-1). It should be noted that these differences may
also be due to small temperature changes upon depressurization and that further
investigations are required.
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Figure 2.6. A plot of CO stretch area vs. time for the pressurization and depressurization
of water with CO2. The inset shows the dependence of the OH region of the CO2 SC
spectra on pressurization (to ~1 MPa) and depressurization (to 0.1 MPa). As the
pressure is released (starting at 120 min), there is a slight increase in the strongly Hbonded OH peak (~3250 cm-1) relative to the weakly H-bonded OH peak (~3400 cm1
).

2.4. Temperature Dependence of the CO2 Hydration Shell

2.4.1. Water Structural Transformation
When the temperature is raised from 0°C to 100°C, a dramatic structural
transformation takes place in the hydration shell water molecules around CO2. This
water structural transformation is reminiscent of that previously found to take place in
the hydration shells of n-alcohols with alkane tails longer than ~1 nm, at temperatures
above 50°C.2 Figure 2.7 shows that while a less ordered, higher frequency OH band
grows in as temperature is increased for CO2, no such temperature dependent band
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appears for ethanol, which is comparable in size. In addition, the water molecules
around diethyl ether, which is approximately twice the size of CO2 and ethanol, barely
undergo the transformation with the less ordered, higher frequency water band
appearing at 60°C.

Figure 2.7. The temperature dependent SC spectra for (A) ethanol-d5, (B) diethyl etherd10, and (C) carbon dioxide. The water structural transformation that occurs around
carbon dioxide is dramatic, while no such transformation takes place around the
similarly sized ethanol-d5. The diethyl ether-d10, which is about twice the size of CO2
and ethanol, undergoes the transformation, but at a higher temperature. The dashed
spectra show the temperature dependence of pure (bulk) water.

The simulation work done by Kersti Hermansson’s group, lead to interest in the
temperature dependence of the CO2 SC spectra in heavy water, D2O. Figure 2.8 shows
that a similar structural transformation occurs for heavy water molecules around CO2,
but not until 60°C. This is expected as deuterium bonds are known to be stronger than
hydrogen bonds, and are thus harder to break.43
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Figure 2.8. Temperature dependent SC spectra for CO2 in (A) H2O and (B) heavy water,
D2O. The dashed spectra show the temperature dependence of pure water and heavy
water.

2.4.2. Thermodynamics of the Dangling OH
The temperature dependence of the dangling OH band can be used to calculate
the enthalpic and entropic contributions to the free energy of forming the dangling OH
like structure in the hydration shell of CO2. The formation of the dangling OH structure
is treated as an equilibrium between a hydration shell without a dangling bond and one
with a dangling bond (Figure 2.9A). From this treatment, the entropy and enthalpy for
the formation of the dangling OH structure can be calculated. The associated positive
entropy is similar to that of diethyl ether and ethanol, while the enthalpy is relatively
smaller (more negative; see Figure 2.9 and Table 2.1). It is this decrease in enthalpy for
forming the dangling OH bond in the hydration shell of CO2 that lowers the free energy
relative to diethyl ether and ethanol. These results imply that the high frequency OH
peak is most likely due to weak hydrogen bonding between the hydration shell water
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molecules and CO2. The weak hydrogen bond between hydration shell water and CO2
molecules would also account for the red shift of this peak with respect to the dangling
OH of water molecules around linear alcohols. A more extensive thermodynamic table
including other solutes is included in the appendix (Table A.2)

Figure 2.9. (A) Schematic illustration of the hydration shell of CO2 without a dangling
OH bond in equilibrium with a CO2 hydration shell that contains one dangling OH
bond. (B) and (D) Plots of the average number of dangling OH bonds and free energy,
vs. . The slopes in plots (C) and (D) can be used to
respectively. (C) A plot of
calculate associated enthalpy and entropy, respectively.

Table 2.1. The calculated thermodynamic values associated with carbon dioxide,
diethyl ether, and ethanol using the data from Figure 2.9.
Solute
ΔH (kJ/mol) -TΔS @ 293K (kJ/mol) ΔG (kJ/mol)
Ethanol
16 3
7 2
10 1
Diethyl Ether
19 4
10 4
8 1
Carbon Dioxide
11 2
6 3
5 0.5
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To generate the plot in Figure 2.9B, Equation 2.2 was used.
〈 〉

Ω
Ω

2.2

where <k> is the average number of dangling OH bonds per molecule, nCD is the
number of CD stretches in deuterated ethanol or diethyl ether,

is the factor to

account for the Raman cross section difference between a single water dangling OH
group and single solute CD group, and

is the ratio of dangling OH to CD area

from the ethanol or diethyl ether SC spectra. The Raman cross section ratio

can

be calculated using the following equation
Ω
Ω
Where

2

2.3

is the ratio of water OH area to the solute CD area,

concentration,

is the number of CD bonds in the solute, and

is the water
is the solute

concentration. This ratio was determined to be ~0.9. The same method can be used to
calculate

for CO2, by properly substituting in,

(which is ~0.5),

, and

for CO2 into Equation 2.3.
The plots in Figure 2.9C and D were generated using Equations 2.4 and 2.5.
1
0

1
1

〈 〉

1

〈 〉
〈 〉

2.4

where K is the equilibrium constant, P(1) and P(0) are the probabilities of having and
not having a dangling OH bond in the hydration shell, respectively, n is the number of
sites for a dangling OH bond to form (here assumed to be the number of oxygens, 2, in
CO2), p is the probability of forming a dangling OH bond per site, and <k> is the
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average number of dangling OH bonds per molecule. From Equation 2.4, when <k> <<
1, then <k>~K. For this work, finite lattice statistics1 were used to convert <k> to K
(see Figure A.5). Figure A.5 confirms that <k>~K for <k> < 1. The same lattice size
and number of dangling OH sites was used for each molecule, such that only the
increase in dangling OH area would result in a larger K. The resulting K can be used to
calculate the associated ΔG.
Δ

2.5

where ΔG is Gibbs free energy, R is gas constant, T is temperature in Kelvin, and K is
the equilibrium constant. To calculate ΔG/T, ΔG was divided by the temperature in
Kelvin.
ΔS was determined using the slope of the plot of ΔG vs. T, while ΔH was
determined using the slope of the plot of ΔG/T vs. 1/T, both according to the following
constant pressure partial derivatives:
Δ

Δ

2.6

Δ
Δ

1

2.7

Note that while dividing (or multiplying) the dangling OH area by a constant c changes
<k> and K, it only changes ΔG and –TΔS by an additive constant, RTln(c), and does
not change ΔH. This is important when determining the potential influence of Raman
cross section differences of non-H-bonded and H-bonded water molecules. Previously,
the Raman cross section of H-bonded OH was determined to be 2 times larger than
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non-H-bonded OH,30 but this factor of two does decrease G and increase TS by
RTln(2)~1.7 kJ/mol.

2.5. CO2 in Other Solvents
Studies of the hydration of CO2, lead to interest in how the small gaseous
molecule would interact with solvents other than pure water, such as 1,2-dichloroethane
(DCE), 1-chloropropane (1CP), n-alcohols, and aqueous solutions that have been
previously studied using Raman-MCR.2,8 These different solvent-CO2 systems may
also provide information pertinent to the hydration of CO2.

2.5.1. CO2 Induced Conformational Changes in Organic Solvents
One of the first studies using Raman-MCR was determining how the transguache conformation of DCE changed in the solvation shell of various solutes.44 It was
shown that cyclohexane, a nonpolar solute, induced a change favoring the trans
conformation (nonpolar), while acetonitrile, a polar solute, induced a change favoring
the gauche conformation (polar). By dissolving a small (less than 100 mg) of CO2 in
DCE, Raman-MCR could be used to obtain a SC spectrum of CO2 in DCE, which
would include the solvation shell DCE molecules (perturbed DCE molecules) as well
as CO2 features. Figure 2.10 contains the SC spectrum of CO2 in DCE, which shows
that CO2 solvation shell DCE molecules favor the trans conformation compared to pure
DCE. This indicates that CO2 acts as a nonpolar solute when dissolved in DCE.
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Figure 2.10. SC spectrum of CO2 in 1,2-dichloroethane (solid) and pure Raman
spectrum of 1,2-dichloroethane (dashed). The DCE molecules in the solvation shell of
CO2 have undergone a conformational change that favors the trans (or nonpolar)
conformation.

In addition to determining the trans-gauche conformation change of DCE, the
conformation change of 1-chloropropane (1CP) was also previously determined using
Raman-MCR.45 When the conformation of DCE changes from gauche to trans, there
is a large change in the dipole moment of ~3 D. However, when the conformation of
1CP changes from gauche to trans, there is no change in the dipole moment.45 Thus,
any conformational changes are a result of geometry and not polarity. Figure 2.11
contains the SC spectrum of CO2 in 1CP which reveals that CO2 solvation shell 1CP
molecules again favor the trans conformation compared to bulk 1CP.
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Figure 2.11. SC spectrum of CO2 in 1-chloropropane (solid) and Raman spectrum of
pure 1-chloropropane liquid. The 1CP molecules in the solvation shell of CO2 have
undergone a conformational change that favors the trans (or nonpolar) conformation.

2.5.2. Solvation Shell of CO2 in n-Alcohols
Studies of the hydration of CO2, lead to interest in how CO2 would interact with
an amphiphilic molecule, such as an alcohol, which contains both a hydrophobic group
(-CH3) and hydrophilic group (-OH).SC spectra obtained by dissolving a small amount
of CO2 (less than 100 mg) in methanol, may be used to determine whether the CO2
interacted with the -OH or -CH3 group. The SC spectrum contains perturbed methanol
molecules, thus if there is a change to the CH stretch or OH stretch, then CO2 would
favor interaction with that group. Figure 2.12 contains the SC spectrum of CO2 in
methanol as well as the spectrum of pure methanol. The solvation shell of CO2 contains
methanol molecules which have blue shifts in both the CH stretch46 and OH stretch,
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indicating that there is no perceivable preference of CO2 for the hydrophobic or
hydrophilic groups of methanol (i.e., CO2 interacts with both groups to some extent).

Figure 2.12. SC spectrum of CO2 in methanol (solid) and Raman spectrum of pure
methanol (dashed). There is a blue shift of OH stretch and a red shift of the CH stretch
of methanol in the solvation shell of CO2. Additionally, there is a non-hydrogen bonded
OH peak present in the SC spectrum of CO2, which was not apparent in the pure
spectrum of methanol.

In addition to the blue shift of the CH and OH stretch, there is a high frequency
OH peak that appears in the SC spectrum of CO2, but is not in the pure methanol
spectrum. While there are undoubtedly OH groups in pure methanol that are not
hydrogen bonded to other OH groups (free OH), the overwhelming majority of them
are, thus the free OH peak is buried in the broad hydrogen bonded OH band. In longer
chain n-alcohols, this higher frequency, non-hydrogen bonded peak becomes larger as
the probability of free OH groups increases with increasing n-alcohol chain length. This
peak becomes noticeable in the Raman spectra of pure n-alcohols with 4 carbon chains
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(n-butanol) and longer. The OH in pure n-alcohol can now be compared to that in the
solvation shell of CO2 to get a better understanding of the interaction between CO2 and
the OH group of n-alcohols. Also, by using n-alcohols of different size, perhaps a chain
length dependence trend would emerge. Figure 2.13 contains the SC spectra of CO2 in
n-butanol, n-pentanol, n-hexanol, and n-heptanol, along with the raw pure n-alcohol
spectra.

Figure 2.13. SC spectra for CO2 in n-butanol (red), n-pentanol (black), n-hexanol
(green), and n-heptanol (blue), as well as pure n-alcohol raw spectra (dashed). The SC
spectra contain hydrogen bonded OH peaks that are blue shifted and non-hydrogen
bonded OH peaks that are much larger than those in the pure n-alcohol spectra.
However, the frequency of the non-hydrogen bonded OH peak remains unchanged.
Note that the spectra have been vertically offset for clarity.

There are two differences between the n-alcohols in the pure liquid and those
in the solvation shell of CO2. First, the hydrogen bonded OH peak is blue shifted
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compared to that in the pure spectra, indicating that the hydrogen bonding between nalcohols in the solvation shell of CO2 are weaker than those in the pure n-alcohol.
Secondly, the non-hydrogen bonded OH peak is much larger in the CO2 SC than in the
pure spectra, indicating that less n-alcohol molecules are hydrogen bonded to one
another, which is consistent with the blue shift of the hydrogen bonded OH peak.
Moreover, even though there are less n-alcohols in the solvation shell of CO2 that are
hydrogen bonded, the frequency of the non-hydrogen bonded peak remains at 3640 cm1

, indicating that there is no difference between the OH group pointing toward the

alkane chain or CO2 molecule. These two changes to the OH stretch of n-alcohol
spectra, along with the fact that the CH stretch remains relatively unchanged, indicates
that CO2 interacts more strongly with alcohol OH groups.
To try to gain a better understanding of influences upon the non-hydrogen
bonded OH peak, n-butanol was dissolved in hexane. Figure 2.14 contains the SC
spectrum of CO2 in n-butanol, the SC spectrum of CO2 in hexane, and pure n-butanol.
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Figure 2.14. SC spectrum of CO2 in n-butanol (solid), SC spectrum of n-butanol in
hexane (short dashed), and Raman spectrum of pure n-butanol (long dashed). The free
OH frequencies of pure n-butanol and n-butanol in the solvation shell of CO2 are the
same and red shifted from that of an n-butanol molecule surrounded by hexane.

The SC spectrum of CO2 contains both hydrogen bonded and non-hydrogen
bonded features, indicating that n-butanol molecules are not completely surrounded by
hexane, as some are hydrogen bonded to other n-butanol molecules. Additionally, the
non-hydrogen bonded OH peak is blue shifted and much larger in intensity for the nbutanol molecules dissolved in hexane. The intensity increase of the non-hydrogen
bonded OH peak is expected as most n-butanol molecules are solvated by hexane. The
blue shift of the n-butanol non-hydrogen bonded OH peak is attributed to the difference
in environment, as most n-butanol molecules are isolated from other n-butanol
molecules.
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2.5.3. CO2 in Aqueous Alcohol Solutions
Before the paper on the water structural transformation was published2, there
was uncertainty about the influence of dissolved gases on the hydration shell structure
of alcohols. It was not yet definitively shown that dissolved gases such as N2, O2, and/or
CO2, despite their poor water solubilities, did not influence the hydration of n-alcohols
and other solutes. To ensure that the SC spectra only contain water molecules that are
perturbed by the hydrophobic group of the alcohol, and not the dissolved gases, samples
of n-pentanol were degassed using the freeze-pump-thaw method. There were no
perceivable differences between the SC spectrum of aqueous n-pentanol samples that
were degassed and those that were not.
After the unexpected transformation of CO2 hydration shell water molecules,
the influence of dissolved gases on the hydration of alcohols was revisited. However,
this time, a large amount of CO2 would be put into aqueous alcohol solutions. Even
though degassing had already shown that gasses did not influence hydrophobic
hydration, this would provide another confirmation, at much higher CO2
concentrations. SC spectra shown to this point were generated using SMCR on systems
containing two components: a pure solvent (component 1) and a SC component
(component 2), as SMCR is strictly a two component decomposition method. However,
as described in Section 1.2.2, SMCR can be used on three component systems, provided
they have been correctly reduced to two components. Here, to study the influence of
CO2 on alcohol hydration (system contains three components: water, alcohol, and
CO2), a mixture of CO2 and water solvent is used as the reference (component 1), which
results in an alcohol SC spectrum. This alcohol-correlated spectrum contains any

42
features arising from perturbed water, perturbed CO2, or the alcohol solute itself. This
means that any CO2 features that show up in the alcohol SC spectrum are from
perturbed CO2 molecules, including changes to the OH region.
Figure 2.15 contains the SC spectra for n-pentanol and neopentanol in pure
water and carbonated water. The SC spectra for the two alcohols do not differ
significantly, indicating that even at a CO2 concentration of ~0.4 M, there is no
substantial influence on the alcohol hydration shell, and thus little CO2-alcohol
interaction. Moreover, the transformation is unaffected by the carbonation.

Figure 2.15. Temperature dependent SC spectra for n-pentanol (A) and neopentanol
(B) in both pure water (solid) and carbonated water (dashed) with a CO2 concentration
~0.4 M. There are very small differences (within our reproducibility) between the SC
spectra for n-pentanol and neopentanol in pure water and carbonated water.

2.5.4. CO2 in Aqueous Carboxylic Acid and Carboxylate Solutions
In a later chapter (chapter 4), the influence of charge on hydrophobic hydration
is investigated. One of the classes of molecules discussed are carboxylic acids, as the
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neutral molecules can be negatively charged upon deprotonation, allowing the charge
to be turned on and off. In light of these tunable systems, interactions between CO2 and
neutral and charged species were investigated. In a similar manner to the previous
section, SMCR is used to analyze a three component system that is reduced to two
components by a clever reference choice. In this case, the reference is either the
aqueous neutral carboxylic acid or anionic carboxylate. Thus, the SC spectra in Figure
2.16 contain any CO2 solute features as well as any perturbed water or carboxylic
acid/carboxylate solvent molecules.

Figure 2.16. SC spectra of CO2 in (A) formic acid (black solid) and sodium formate
(black dashed). SC spectra of CO2 in (B) hexanoic acid (black solid) and sodium
hexanoate (black dashed). The is little to no carboxylic acid or sodium carboxylate
features in the CO2 SC spectra, indicating that there is very little interaction between
CO2 and the neutral and charged species.

The SC spectra of CO2 do not differ significantly, indicating that there is no
significant interaction between CO2 and carboxylic acids or carboxylates. However,
CO2 may interact with the anionic carboxylate slightly more than the neutral carboxylic
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acid, as indicated by the small carboxylate features in the CO2 SC spectrum (black
dashed spectra in Figure 2.16).

2.6. Conclusions
The hydration shell of CO2 reveals that surrounding water molecules have
enhanced tetrahedral order compared to bulk water, resembling that of the similarly
sized hydrophobic group of ethanol. However, the tetrahedral order is disrupted by
entropically stabilized weak hydrogen bonding between hydration shell water
molecules and CO2. Additionally, the temperature dependence of the CO2 SC spectrum
reveals that hydration shell water molecules undergo a structural transformation at low
(physiological) temperatures, which suggests some biological importance.
When CO2 is dissolved in 1,2-dichloroethane, the solvation shell reveals that
CO2 interacts with this solvent in a similar manner to that of other nonpolar solutes by
increasing the fraction of the trans-1,2-dichloroethane conformer relative to the bulk.
Additionally, the solvation shell of CO2 in 1-chloropropane reveal that there is a slight
increase in the fraction of trans-1-chloropropane compared to the bulk. The solvation
shell of CO2 in methanol contains CH and OH features that are blue shifted, indicating
that CO2 does not significantly prefer the hydrophobic (CH) or hydrophilic (OH) part
of methanol. Studies of CO2 and longer n-alcohols indicate that CO2 interacts more
with the alcohol OH group. Furthermore, the non-hydrogen bonded OH groups of nalcohols in the solvation shell of CO2 do not differ significantly from those in the bulk.
Finally, studies of aqueous carbonated alcohol, carboxylic acid, and carboxylate
solutions indicate that CO2 does not interact significantly with these species in water.
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CHAPTER 3. BINDING OF METAL DICATIONS TO CARBOXYLATES.

3.1. Introduction
Trace metals are just as essential to life as the water in which they exist. Zinc,
calcium, and magnesium are required in hundreds of enzyme pathways, DNA and RNA
synthesis, and the stabilization of ATP.47–50 With so many organisms relying on these
metals to survive, it is astonishing that there is no consensus regarding their relative binding
strengths to biologically relevant anionic groups such as carboxylates.51–54 While previous
studies have been done to indirectly measure the binding of divalent metal cations to
carboxylate groups, these studies lack direct measurements of spectral changes associated
with the carboxylate ion, or rely on complicated corrections to account for ionic strength
and activity coefficients.55–58 Here Raman-MCR is used to probe the acetate CO stretching
band in aqueous solutions containing Zn2+, Ca2+, and Mg2+, with variable metal (II) acetate
concentration. The blue shift and intensity decrease of the CO band with increasing metal
acetate concentration reveal that the order of relative binding strength is Zn2+>Ca2+>Mg2+.
Acetate and Zn2+ appear to form a one-to-one complex with a binding constant of ~1 M-1.
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3.2. Methods

3.2.1. Sequential Dilution Sample Preparation
For aqueous solutions of sodium formate, sodium acetate, magnesium acetate,
calcium acetate, and zinc(II) acetate, samples were primarily prepared by adding an
appropriate mass of each solid to a volumetric flask and adding water to obtain a highconcentration stock solution (4, 2, or 1.5 M). Solutions were sonicated for ~1 minute to aid
dissolution. This stock solution was then diluted sequentially to obtain lower
concentrations.

3.2.2. Preparation of Other Samples
To isolate the bound carboxylate spectrum, two different approaches were taken.
The first method involved dissolving a small amount of carboxylate (0.6 M) in a large
excess of aqueous metal (II) chloride (2 M). Theoretically, most of the carboxylate should
be bound to one metal dication. This method also avoided the formation of any binding
complexes with more than one carboxylate, i.e. all complexes were 1:1 (one metal dication
and one carboxylate). The second method involved dissolving a small amount of metal(II)
chloride (0.3 M) in a large excess of carboxylate (4 M). SMCR could then be used to obtain
the ion-correlated spectrum which would contain spectral features arising from only
perturbed (bound) carboxylate ions and water molecules perturbed by metal dications and
chloride anions. While this ensures that the resulting spectrum is for the bound carboxylate,
the large excess of carboxylate makes it possible for complexes other than 1:1 to form. In
many cases, solutions were sonicated for 1-3 mins.
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3.2.3. Preparing Metal (II) Carboxylate Solutions Through Acid-Base Neutralization
In addition to directly using the magnesium formate and acetate salts, an alternative
method was used to prepare magnesium formate and magnesium acetate. Stoichiometric
amounts of magnesium hydroxide were added to 4 M aqueous solutions of formic and
acetic acid to neutralize the acid, and generate water and magnesium carboxylate according
to the following equations.
Mg OH
Mg OH

2HCOOH → Mg HCOO
2CH COOH → Mg CH COO

2H O
2H O

3.1
3.2

The resulting solutions were used to confirm that the shifts were reproducible using
a completely different sample preparation method. In many cases, solutions were sonicated
for 1-3 mins.

3.2.4. Spectroscopic Details
Raman vibrational spectra were collected at 20°C using a home-built Raman
instrument (514.5 nm Argon ion laser with a laser power of 14 mW at the sample).2,3 For
each sample either 2 or 4 spectra (to obtain appropriate signal to noise), with a total signal
integration time of five minutes per spectrum, were collected. SMCR2,5,6 was implemented
in Igor Pro 6.37A (Wavemetrics, Inc.) to analyze the collected spectra.
Unless stated otherwise, all of the SC spectra presented in this chapter are
normalized to the solute CH band area. This procedure produces spectra that are essentially
identical to those obtained by dividing the absolute intensity of each SC spectrum by the
corresponding solute concentration (but the CH normalization procedure is more reliable,
as it suppresses variations due to drifts in the excitation laser intensity or optical alignment).
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3.2.5. Chemical Details
Sodium formate (Sigma Aldrich, 99+%), sodium acetate (Mallinkrodt, 99+%),
magnesium acetate tetrahydrate (Sigma Aldrich, 99+%), calcium acetate monohydrate
(Sigma Aldrich, 99+%), zinc(II) acetate dehydrate (Sigma Aldrich, 98+%), sodium
hydroxide (Acros Organics, 98.5%), magnesium hydroxide (Fluka Analytical, 99+%),
magnesium chloride (Macron Chemicals, 99.7%), calcium chloride (Sigma, 96+%), and
zinc(II) chloride (Sigma Aldrich, 99+%) were used without further purification. Aqueous
solutions were prepared using ultra-purified water (Milli-Q UF Plus, 18.2 MΩ·cm,
Millipore) at concentrations between 0.003125 and 4 M.

3.3. Influence of Deprotonation on the CO Stretching Band
Past experience with the neutralization of carboxylic acids8 (deprotonation)
indicated that the largest spectral change occurred in the CO stretching band. Figure 3.1
contains SC spectra of aqueous acetic acid and sodium acetate. The inset illustrates the
large red shift (~300 cm-1) of the CO stretching band upon deprotonation. This is due to a
weakening of the CO bond, as more electrons are added to the CO antibonding orbital,
which also accounts for the increase in Raman intensity upon deprotonation (as there are
more electrons in the bond).59,60 A shift and intensity change opposite to that illustrated in
Figure 3.1 is expected for the CO stretch of acetate anions that are bound to dications, as
electrons would be withdrawn from the COO- group, causing a decrease in intensity, as
well as a blue shift of the peak (strengthening of the bond).
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Figure 3.1. SC spectra of aqueous acetic acid (dashed) and sodium acetate (solid). The inset
shows the shift of the CO stretch band from 1700 cm-1 (protonated) to 1400 cm-1
(deprotonated).

While acetate is the species of interest, the underlying “shrubbery” (CH bends in
the CH3 group) of acetic acid and acetate in the 1400 cm-1 region made interpretation of
the data somewhat unclear. Therefore, a much cleaner (simpler) system, formic acid and
sodium formate, was also investigated to ensure that underlying peaks did not interfere
with the shift of the CO stretch. Figure 3.2 contains the SC spectra of formic acid and
sodium formate.
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Figure 3.2. SC spectra of aqueous formic acid (dashed) and sodium formate (solid). The
inset shows the shift of the CO stretch band from 1700 cm-1 (protonated) to 1350 cm-1
(deprotonated).

The same shifts are seen with the ionization of formic acid to sodium formate, with
less underlying features (only one CH bend is present in formic acid/sodium formate). Both
acetic acid/sodium acetate and formic acid/sodium formate contain the same COOH/COOgroup, and therefore should undergo binding in a similar manner to divalent metal cations.
In other words, the aliphatic chain should have little influence on the binding, and either
carboxylic acid/carboxylate pair can be used to study the relative binding strength.
These aqueous carboxylic acid and carboxylate pairs provide several important
pieces of information. First, they illustrate CO stretching band shifts upon ionization of the
COOH group to COO-. Second, they help to predict the changes induced by the binding of
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acetate with divalent metal cations. Finally, they provide a way to spectroscopically ensure
that the majority of the samples in later sections are dominated by the ionized carboxylate
species and not the neutral carboxylic acid species.

3.4. Concentration Dependence of Sodium Acetate and Sodium Formate
Previous studies have been done to determine the relative binding of monovalent
cations such as Na+ and K+ to carboxylate groups, with no resulting consensus.60–62 Before
coming across these monovalent binding studies, Na+ was believed to have little to no
affinity for the COO- group, and therefore sodium acetate was used as a control for the
dication studies. Figure 3.3 contains the SC spectra of aqueous sodium acetate and sodium
formate for the range 0.025 M to 4 M.
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Figure 3.3. (A) Concentration dependent SC spectra of aqueous sodium formate, (B)
expanded view of the formate CO stretch, (C) concentration dependent SC spectra for
aqueous sodium acetate, and (D) expanded view of the acetate CO stretch.

From these SC spectra, it is immediately apparent that there is very little
concentration dependent change in the spectral features associated with the carboxylate
ion. The main difference between the concentration dependent SC spectra is the change in
the OH stretching region (signal arising from perturbed water molecules), which decreases
with increasing sodium carboxylate concentration. This trend has been studied in other
concentration dependent aqueous systems, such as tert-butyl alcohol, and is expected, as
molecules begin to aggregate and shed water molecules from their hydration shells.10
Because the SC spectra have very little change in the carboxylate ion features, but do
exhibit a decrease in the OH stretch band, there must be an aggregation of the carboxylate
ions, but very little binding between carboxylate ion and sodium cation. In other words,
the carboxylate anions do aggregate, but do not significantly interact with the sodium
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cation. It is worth noting that there is very little change in the CH stretch which is different
what was observed in previous studies of aggregation.10
A more quantitative indication of binding between sodium cations and carboxylate
groups is the change in the CO stretch band frequency. Figure 3.4 shows the CO frequency
of formate and acetate as a function of carboxylate concentration.

Figure 3.4. Plot of CO frequency for sodium formate (open circles) and sodium acetate
(solid circles) as a function of concentration. Note that the CO stretch for formate is lower
than that of acetate (also shown in Figure 3.3).

The frequency shifts indicate that there is little to no binding between the two
carboxylate anions and the Na+ ion at concentrations below 4 M. There does seem to be a
hint of a blue shift from 2 to 4 M for both carboxylate samples, indicating that perhaps at
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high enough concentrations, Na+ does interact with the carboxylate groups, contrary to
previous experimental and simulation results, which indicate binding below 1 M.60–62

3.5. Concentration Dependence of Divalent Metal Cations with Acetate
According to the results from the previous section, there is no significant change in
the CO stretch frequency as function of sodium carboxylate concentration up to 4 M. This
implies that little to no binding takes place between sodium cations and carboxylate groups
on the concentration range 0 to 4 M, which is contrary to the results of other studies.60–62
As a result of this, the sodium carboxylate groups in the concentration range 0 to 4 M
provide a good control for relative binding of divalent metal cations. Figure 3.5 contains
the CO stretching band for sodium formate and acetate (top panels) and magnesium
formate and acetate (bottom panels). In solutions of magnesium acetate and magnesium
formate, both aggregation of the carboxylate species (a decrease in the water OH stretch
band) and binding to the metal species (blue shift of the carboxylate stretch band) is
observed (although the concentration dependence of the OH region of the magnesium
carboxylate SC spectra is not shown, it is very similar to that of the sodium carboxylates
shown in Figure 3.3, decreasing with increasing carboxylate concentration).
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Figure 3.5. CO stretch band of aqueous (A) sodium formate, (B) sodium acetate, (C)
magnesium formate, and (D) magnesium acetate as a function of carboxylate concentration
between 025 M and 4 M. Note that there is no concentration dependent shift in the CO
frequency for the Na+ solutions, but there is for the Mg2+ solutions. Additionally, there is
a larger decrease in CO band intensity with increasing carboxylate concentration.

It is apparent in Figure 3.5 that there is a relatively large blue shift of the carboxylate
CO peak frequency, as well as a decrease in the CO band intensity in the solutions
containing Mg2+. This indicates that there is stronger binding between the carboxylate
groups and Mg2+ than Na+. Just as with the monovalent metal cations, there is currently no
consensus for the relative binding of divalent metal cations. All of the metal cations studied
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have the same +2 charge and have ionic sizes of 65, 74, and 100 pm for magnesium, zinc
and calcium, respectively.47,63 Figure 3.6 contains the CO stretching region of the SC
spectra of magnesium, calcium, and zinc(II) acetate. The decrease in intensities of the CO
bands shown in Figure 3.6 implies that the relative binding strength is Zn2+>Ca2+≈Mg2+.

Figure 3.6. Concentration dependent CO stretching region of the SC spectra for (A)
magnesium acetate, (B) calcium acetate, and (C) zinc(II) acetate. From the decrease in the
CO band intensity, the apparent relative binding strength is Zn2+>Ca2+≈Mg2+.

Figure 3.7 contains the CO stretching frequencies for aqueous sodium, magnesium,
calcium, and zinc(II) acetate in the acetate concentration range of 0.025 to 4 M for a more
quantitative comparison. There is a clear blue shift in the acetate CO stretching frequency
for samples containing the three aqueous divalent metal cations, while no such shift is
evident in samples containing the monovalent cation, Na+. The concentration dependent
CO stretching frequencies contained within Figure 3.7 also imply that the relative binding
strength is Zn2+>Ca2+≈Mg2+.
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Figure 3.7. The CO stretching frequencies of acetate in aqueous solutions of Ca2+, Mg2+,
and Zn2+ divalent cations and the monovalent cation, Na+. The CO frequency shifts imply
that the relative binding strength is Zn2+>Ca2+≈Mg2+, which is in agreement with the CO
band intensity prediction shown in Figure 3.6. Note that the sample used to obtain the data
for Mg2+ (reaction) was prepared according to section 3.2.3.

While Figure 3.6 contains qualitative information regarding binding, quantitative
information can be obtained from Figure 3.7 using Equation 3.3 as a model equilibrium for
the binding between acetate and a divalent metal cation. Equation 3.4 is the expression for
the equilibrium binding constant, determined using ICE tables. Equations 3.3 and 3.4
assume that the binding is one to one, meaning one acetate anion is bound to one divalent
metal cation (i.e., a dimer is formed).
A

M

↔ AM

3.3

Where A- is acetate, M2+ is the divalent metal cation, and AM+ is the metal-acetate dimer
complex.
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AM

3.4
A
AM
M
AM
Where K is the equilibrium binding constant, [AM+]eq is the equilibrium concentration of
the metal acetate complex, [A-]i is the initial acetate concentration, and [M2+]i is the initial
divalent metal cation concentration. Equation 3.4 can be rearranged to form Equation 3.5:
AM

A

M

1 AM

A

M

0

3.5

Using the quadratic formula, [AM+]eq can be calculated in terms of the initial
acetate, divalent metal cation concentration, and equilibrium binding constant:
AM

A

M

1

A

M

1

4

A

2

M

3.6

Equation 3.6 can be used to generate binding curves as a function of initial acetate and
divalent metal cation concentration, for a given binding constant. However, since in the
case of divalent metal cations the acetate concentration is always twice the concentration
of the metal, Equation 3.6 can be reduced to Equation 3.7:

AM

3
2

A

1

3
2

A
2

1

2

A

3.7

Because the SC spectrum of the carboxylate groups contains the CO stretching features
from all the acetate anions, not just those that are bound, it is more useful to determine the
fraction of bound acetate ions. Using Equation 3.7, the fraction of bound acetates can be
calculated as a function of initial acetate concentration simply by dividing by the initial
acetate concentration:
AM
3.8
A
Figure 3.8 contains binding curves of acetate and divalent metal cations for four different
B

binding constants. These plots are generated from Equation 3.8 and show the influence of
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changing the binding constant by orders of magnitude. From the CO frequency data shown
in Figure 3.7, the binding occurring between the divalent metal cations and acetate must
fall in between curves for K = 0.1 and K = 1.

Figure 3.8. 1:1 binding curves for binding constants of 100 M-1 (red), 10 M-1 (yellow), 1
M-1 (green) and 0.1 M-1 (blue).

Equation 3.8 can then be used to calculate the frequency of the CO stretching band
as a function of initial acetate concentration:
ν

AM
A

ν

,

ν

,

ν

,

3.9

where νCO is the CO frequency, νCO,bound is the CO frequency of a bound acetate, and
νCO,unbound is the CO frequency of an unbound acetate. Code for generating the fraction of
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bound acetate and the CO frequency as a function of the initial acetate concentration is
included in the appendix. The y-axis in Figure 3.8 can be converted to CO frequencies
using equation 3.9, but this would not change the shape of the curves.
The CO frequency data shown in Figure 3.7 can be fit using Equation 3.9 such that
the binding constant and bound CO frequency can be determined from the fit. The unbound
frequency is known from the SC spectra of sodium acetate solutions to be 1420 cm-1. The
dimer binding curves fit the CO frequencies on the acetate concentration range 0.025 M to
4 M relatively well (Figure 3.9), implying that the binding in this concentration range is
dominated by 1:1 binding (dimerization). The fits to the CO frequencies in Figure 3.9 result
in binding constants that agree with the qualitative binding strength prediction of
Zn2+>Ca2+≈Mg2+.
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Figure 3.9. 1:1 binding fits of the CO stretching frequency for sodium, magnesium,
calcium, and zinc(II) acetate as a function of concentration using Equation 3.7. The inset
table contains the values for the binding constant, K, and the bound acetate frequency, Bfreq
obtained from the fits.

The shift of the CO stretch band was also measured using a lower acetate
concentration range (1 M and below) to determine if a similar binding order was predicted.
This concentration range may also be better for the 1:1 (dimerization) binding assumption.
Figure 3.10 shows the CO stretch frequency as a function of concentration from 0.0125 M
to 0.5 M for magnesium acetate, calcium acetate, and zinc(II) acetate.
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Figure 3.10. Concentration dependent acetate CO frequencies for solutions containing
Mg2+ (black), Ca2+ (red), and Zn2+ (blue) cations in the acetate concentration range 0.025
M to 1 M.

The data in Figure 3.10 indicate that Zn2+ binds most strongly, followed by Ca2+,
then Mg2+. This agrees with qualitative results (as well as what is predicted by the larger
concentration range), which implies an order of Zn2+>Ca2+>Mg2+. Additionally, note that
while Ca2+ and Mg2+ have similar bound acetate CO frequencies, the bound acetate CO
frequency of Zn2+ has a is much higher. From both the qualitative measurements (intensity
decreases) and quantitative concentration measurements, the most likely binding order is
Zn2+>Ca2+>Mg2+. However, the linear function (Equation 3.9) used to fit the acetate CO
frequency data is not physically reasonable, as intensity changes in the CO stretching band
are not accounted for. The next section contains an attempt to elucidate the bound
carboxylate SC spectrum to obtain more reliable binding constants.

63
3.6. Isolation of the Bound Carboxylate Spectrum
To adequately determine the relative binding of acetate, as well as the binding
constants for each divalent metal cation, it is necessary to isolate the SC spectrum of the
bound acetate. This will give a better idea of the individual influence of each metal dication
on the acetate, as well as gain an understanding of any intensity changes in the acetate CO
stretching band. Figure 3.11A contains the ion-correlated spectra of magnesium chloride
and zinc(II) chloride in an excess of acetate, as well as artificially generated SC acetate
spectra from the unbound and bound acetate SC spectra. Panel C of Figure 3.11
contains fits that can be used to convert average acetate CO stretching frequencies
to fraction of bound acetate.
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Figure 3.11. (A) SC spectra of ZnCl2 in excess acetate (blue), and MgCl2 in excess acetate
(black), CaCl2 in excess acetate (red), as well as unbound acetate (dashed black). These
spectra indicate that the CO stretch band of acetate is shifted furthest when bound to a
divalent Zn2+ cation, followed Mg2+. (B) Spectra generated by adding increasing amounts
of the blue spectrum from (A) to decreasing amounts of dashed black spectrum of (A) to
obtain the SC spectra associated with different fractional amounts of bound acetate. (C) A
plot of the fraction of bound acetate vs. the acetate CO stretching frequency shift for the
spectra in (B). A fifth order polynomial was used to fit these plots and can be used to
convert measured average acetate CO stretching frequencies to fractions of bound acetate.

The ion-correlated spectra in Figure 3.11A imply that the CO band of acetate bound
to Zn2+ is shifted the furthest, followed by Ca2+, and Mg2+, which agrees with the qualitative
binding order. The bound acetate CO stretch frequencies in Figure 3.10A for each of the
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divalent metal cations are reasonably close to those predicted in Figure 3.10. As mentioned
at the end of the previous section, Equation 3.9 does not take into account the intensity
differences in the bound and unbound acetate CO stretching bands. There are two ways to
more accurately convert the measured average acetate CO stretching band into fraction of
bound acetate.
The first method involves panels B and C in Figure 3.11, whereby spectra of
varying bound acetate fraction are generated from the bound and unbound acetate SC
spectra in panel A. The CO stretching frequencies of these artificially generated spectra
represent the average shift associated with containing a certain fraction of bound acetate at
equilibrium. Panel C contains a plot of average acetate CO stretching frequency shifts vs.
fraction of bound acetate. A fifth order polynomial fit can be used to convert measured
average acetate CO frequency shifts to the fraction of bound acetate. Then, Equations 3.7
and 3.8 can be used to determine the binding constant, K. Figure 3.12 contains data which
were converted using the fits in Figure 3.11C.
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Figure 3.12. The fraction of bound acetate as a function of acetate concentration for
solutions containing Na+ (green), Mg2+ (black), Ca2+ (red), and Zn2+ (blue) cations in the
acetate concentration range 0.025 M to 1 M.

The binding constants determined from Figure 3.12 are different magnitudes than
those shown in Figure 3.10, but these more closely match previously reported values.55,56
The second method involves calculating the contribution of each component to the various
metal(II) acetate SC spectra, using integrated areas. The fractional contribution of the
bound acetate component to each metal(II) acetate spectrum is directly the fraction of
bound acetate, Bfrac, in that solution. The component spectra used to obtain such bound
acetate fractions are shown in Figure 3.13 (bottom spectral set). This method makes use of
the spectral region from 700 cm-1 to 3000 cm-1, making the predicted binding constants
more definitive.
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Figure 3.13. Concentration (0.025 M to 2 M) dependent SC spectra for magnesium acetate
(top), calcium acetate (second from top), and zinc(II) acetate (second from bottom). From
the decrease in the acetate CO stretching band intensity, the apparent relative binding
strength is Zn2+>Ca2+≈Mg2+. The spectra on the bottom are the “ion-correlated” spectra for
Mg2+ (solid black), Ca2+ (red), and Zn2+ (blue). Note that the dashed black spectrum is
sodium acetate and is considered the unbound acetate spectrum. The spectral features of
acetate are highlighted.

Figure 3.14 contains the fraction of bound acetate as a function of total acetate
concentration obtained using spectral component areas. The binding constants predicted
using this method are very close to those predicted using only the shift in the acetate CO
stretching band (Figure 3.12), which implies that the divalent metal cations primarily
interact with the COO- group of the acetate anion.
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Figure 3.14. Fraction of bound acetate as a function of total acetate concentration obtained
using spectral component areas.

3.7. 2 to 1 Acetate to Metal Cation Binding.
While 1:1 acetate to metal cation binding fits the data extremely well, a 2:1binding
model was also used to fit the data to ensure that 1:1 binding dominates up to 1 M acetate
concentrations. Equation 3.10 is the 2:1 binding equilibrium expression derived from the
equilibrium 2A

M

↔ A M.
AM
A

2 AM

Equation 3.10 can be rearranged, with
4

A M

6

A

A M

M

3.10

AM

A substituted in for M , to form Equation 3.11:
3

A

1 A M

The approximate real solution to this cubic equation is:

1
2

A

0

3.11
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0.381571 1.73205 27 A
A M

0.5

4

9A

3.12

0.87358
1.73205 27 A

4
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0.5 A

Equation 3.12 can be divided by the initial acetate concentration and used to fit the data in
Figure 3.12 to show the difference in 1:1 (solid fit) and 2:1 (dashed fit) binding (Figure
3.15).

Figure 3.15. The fraction of bound acetate as a function of acetate concentration for
solutions containing Na+ (green), Mg2+ (black), Ca2+ (red), and Zn2+ (blue) cations in the
acetate concentration range 0.025 M to 1 M. The two fits, 1:1 (solid) and 2:1 (dashed),
indicate that 1:1 binding dominates up to 1 M acetate concentration.
Figure 3.15 shows that 1:1 binding does indeed dominate up to acetate
concentrations of 1 M.
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3.8. Conclusions
The relative binding strength is Zn2+>Ca2+≈Mg2+, with the binding constants of ~4
M-1 for Zn2+ 0.5 M-1 for Ca2+, and 0.3 M-1 for Mg2+, which are the same order of magnitude
as previously reported binding constants. The ion-correlated spectra of the divalent metal
cations bound to acetate confirm that the Zn2+ ion most strongly perturbs the acetate anion.
1:1 binding species (1 acetate anion to 1 divalent metal cation) dominate up to acetate and
metal ion concentrations of 1 and 0.5 M, respectively.
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CHAPTER 4. INFLUENCE OF A NEIGHBORING CHARGED GROUP ON
HYDROPHOBIC HYDRATION SHELL STRUCTURE.

4.1. Introduction
Reprinted (adapted) with permission from Davis, J. G.; Zukowski, S. R.; Rankin, B. M.;
Ben-Amotz, D. Influence of a Neighboring Charged Group on Hydrophobic Hydration
Shell Structure. J. Phys. Chem. B 2015, 119 (29), 9417–9422. Copyright 2015 American
Chemical Society.
The aqueous interactions between hydrophilic and hydrophobic groups at
macroscopic interfaces64–71 and in hydration-shells70–78 are of potential importance in many
biochemical, environmental, and industrial processes. Water mediated interactions may
include both indirect water-mediated and direct charge delocalization processes that shift
the delicate balance of electrostatic and dispersion (van der Waals) forces73,74,77,79, and thus
influence chemical processes ranging from ligand binding and ion-pairing,77 to the
structure and dynamics of aqueous interfaces.75,76 This chapter contains experiments
designed to quantify the length scale over which both neutral and charged hydrophilic
groups perturb the structure of hydration shell water molecules around neighboring
aliphatic chains, in aqueous carboxylic acid, (neutral) carboxylate (anionic), and
tetraalkylammonium (cationic) solutions.
Past experiments have combined Raman spectroscopy with Multivariate Curve
Resolution (Raman-MCR)2,3,9,30,31,44 to probe changes in hydrophobic water structure. This
work builds upon the use of Raman-MCR to discover a temperature and chain-length

72
dependent water structural transformation in the hydration-shells of linear alcohols.2 More
specifically, the water molecules in hydrophobic hydration shells differ from bulk water
both in the degree of tetrahedral order and in the number of dangling OH defects. Most
interestingly, Raman-MCR spectra produced evidence of a temperature and chain length
dependent water structural transformation, reminiscent of other experimental80–82 and
theoretical83–85 hydrophobic cross-over phenomenon, with a characteristic length scale of
~1 nm. Here, those results are extended by using Raman-MCR to probe the effect of
neighboring charged groups on hydrophobic hydration shell structure and the water
structural transformation.
The aqueous amphiphilic solutes investigated include molecules composed of
linear alkane chains of various lengths and neighboring polar –OH, -COOH, anionic -COO, or cationic R4N+ groups. The Raman-MCR results suggest that neutral head groups have
less influence on hydrophobic hydration shell structure than charged groups, and R4N+
stabilize neighboring clathrate-like hydrophobic hydration shell structures more
significantly than -COO- groups.
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4.2. Methods

4.2.1. Charging by Deprotonation
To obtain Raman spectra of carboxylic acids in their neutral form, the acids were
dissolved in pure water, as the pKa of ~4.9 for carboxylic acids implies that
[RCOOH]/[RCOO-] > 99%. To obtain Raman spectra of carboxylate anions, the aqueous
carboxylic acid solutions were adjusted to pH ~7.3 (±0.3) by adding an approximately
equimolar amount of sodium hydroxide (solid pellets, Mallinckrodt), thus converting
>95% of the carboxylic acids from RCOOH to RCOO-Na+. The pH was monitored with a
Pinnacle 530 pH meter (Corning). Figure 4.1 illustrates this charging process. The
disappearance of the C=O stretching band upon deprotonation in Figure 4.2A and B
indicates that the pentanoic acid species have been negatively charged.
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Figure 4.1. Plot of deprotonated ratio vs. pH. At a pH of ~7, the majority (99%) of
carboxylic acid species have been converted to their anionic counterpart.

4.2.2. Head Group Subtraction
In order to obtain hydrophobic hydration shell spectra using Raman-MCR it is in
some cases necessary to suppress hydration shell features arising from carboxylic acid head
groups or bromide counter ions. This was done by including an equimolar concentration of
formic acid, sodium formate, or sodium bromide in the reference solution.30 Figure 4.2C
and D illustrates the difference between full SC spectra and those that have been headgroup
subtracted. Thus, the hydration shell spectra obtained by performing Raman-MCR analysis
on pairs of Raman spectra obtained from equimolar solutions of RCOOH and HCOOH, or
RCOO-Na+ and HCOO-Na+, or R4N+Br- and Na+Br-, yield hydration-shell spectra arising
primarily from the R groups. Note that previous studies have shown that monovalent
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cations such as Na+ have negligible influence on the water OH stretch Raman band, and
thus Na+ is effectively invisible to Raman-MCR.31,86

4.2.3. Spectroscopic Details
The Raman-MCR decompositions of measured solution Raman spectra, to obtain
pure solvent and solute-correlated (SC) components, were carried out using the SelfModeling Curve Resolution2,5,6 (SMCR) algorithm, implemented in Igor Pro 6.32A
(Wavemetrics, Inc.). More specifically, the solvent spectral component was, in each case,
constrained to correspond to the measured Raman spectrum of the solvent (which in some
cases contained equimolar formic acid, sodium formate, or sodium chloride, as described
above). The resulting minimum area SC spectra contains features arising both from
intramolecular vibrations of the solute and from any hydration-shell water molecules
whose vibrational structure is perturbed by the solute. Raman spectra were collected from
0°C to 100°C using a temperature (to the nearest 0.01C) controlled spectroscopic cell
holder (LC600, Quantum North-west). For temperatures below 15°C, a N2 gas flow was
used in the spectroscopic cell holder to prevent icing on the outside of the cuvettes.
Unless stated otherwise, all of the SC spectra presented in this chapter are scaled to
pertain to the same solute concentration, by first normalizing the SC spectra to the solute
CH band area and then multiplying the resulting spectrum by the number CH groups in the
solute. The latter procedure has been found to produce spectra that are essentially identical
to those obtained by dividing the absolute intensity of each SC spectrum by the
corresponding solute concentration (but the CH normalization procedure is more reliable,
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as it suppresses variations due to drifts in the excitation laser intensity or optical alignment
etc.).

4.2.4. Chemical Details
Formic acid (88%, Mallinckrodt), butyric acid (99+%, Aldrich), valeric acid
(99+%, Aldrich), hexanoic acid (99.5+%, Aldrich), sodium decanoate (98+%, Sigma),
sodium dodecanoate (99+%, Sigma), sodium butyrate (98%, Aldrich), octanoic acid
(98+%, Aldrich), sodium formate (99+%, Sigma-Alrich), n-butyl alcohol (99+%,
Mallinckrodt), n-propyl alcohol (99+%, Mallinckrodt), tetrapropylammonium bromide
(98%,

Aldrich),

tetrabutylammonium

bromide

(99%,

Sigma-Aldrich),

tetrapentylammonium bromide (99+%, Aldrich), and trimethyloctylammonium bromide
(98+%, Aldrich) were used without further purification. Aqueous solutions were prepared
using ultra-purified water (Milli-Q UF Plus, 18.2 MΩ·cm, Millipore) at concentrations of
0.5 M (butyric acid), 0.3 M (valerate/valeric acid and sodium butyrate), 0.1 M
(hexanoate/hexanoic acid), 0.075 M (octanoate), 0.050 M (sodium decanoate), and 0.015
M (sodium dodecanoate).

77
4.3. Aqueous Carboxylic Acid and Carboxylate SC Spectra
Figure 4.2 contains results that demonstrate how Raman spectra of aqueous
carboxylic acid solutions may be used to obtain SC (hydration-shell) spectra, and to
distinguish between hydration-shell features associated with the carboxylic acid head and
tail groups. Figure 4.2A shows the raw Raman spectra of pure water and a 0.3 M solution
of n-pentanoic acid, (n-C5OOH). Figure 4.2B shows Raman-MCR hydration shell spectra
obtained from an SMCR analysis of the Raman spectra of pure water and aqueous solutions
containing either neutral pentanoic acid (n-C5OOH) or charged sodium pentanoate (nC5OO-Na+). An expanded view of the OH stretch bands obtained from the latter SC spectra
are shown in Figure 4.2C, along with the corresponding SC OH bands obtained from
aqueous solutions of formic acid (HCOOH) and sodium formate (HCOO-Na+). The
similarity of the solid and dashed OH bands (peaked at ~3300 cm –1) confirm that this band
is due primarily to the carboxylic acid and carboxylate head groups. Figure 4.2D shows
hydration-shell spectra obtained when the input solvent spectrum is that of an equimolar
formic acid (or sodium formate) solution, so that the resulting Raman-MCR SC spectra
contain features arising primarily from the hydration-shell of the aliphatic
(CH3CH2CH2CH2-) tail (as described in Section 4.4.2). The latter spectra are remarkably
similar in shape to the hydrophobic hydration shell spectrum of aqueous n-butanol,16 which
is also shown in Figure 4.2D. Note that both the n-pentanoic acid and n-butanol
hydrophobic hydration-shell spectra include a relatively sharp peak at ~3660 cm –1 arising
from a dangling (non-H-bonded) OH bond of water in the solvation shell,31,34 as well as
two broader bands, one at ~3450 cm-1 and the other at ~3200 cm-1. The relative intensity
of the latter two bands is a measure of the degree of tetrahedral order in the solute hydration
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shell, as confirmed, for example, by noting that both ice and clathrate hydrates have a more
prominent lower frequency (~3200 cm-1) OH shoulder than liquid water.16 Note that the
somewhat different areas of the H-bonded OH bands of n-butanol and pentanoic acid may
be influenced the head-group subtraction procedure (carried by including formic acid in
the solvent spectrum), and so may not be as significant a measure of hydrophobic hydration
shell structure as the similar shapes of the two spectra.
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Figure 4.2. (A) Raw Raman spectra of pure water and an aqueous solution of pentanoic
acid. (B) Hydration-shell spectra of 0.3 M pentanoic acid and sodium pentanoate, using
pure water as the solvent in SMCR analysis. (C) hydration-shell spectra of 0.3 M pentanoic
acid (solid green), pentanoate (solid orange), formic acid (dashed green), and formate
(dashed orange). (D) Head group subtracted SC spectra of pentanoic acid (green), sodium
pentanoate (orange), and n-butanol (dashed black), using formic acid/formate as the solvent
in SMCR analysis. Note that all of the hydration-shell spectra in panels B-D pertain to the
same solute concentration.
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4.4. Temperature Dependence

4.4.1. Neutral and Anionic Species
Figure 4.3 shows the temperature dependence of the hydration-shell spectra of
butanoic acid, pentanoic acid, hexanoic acid, and the corresponding deprotonated
carboxylate anions. As the temperature increases, three types of changes are evident these
hydration-shell spectra: (i) a decrease in the H-bonded OH stretch band area, (ii) an
increase in the dangling OH bond peak intensity, (iii) and in some cases a dramatic
temperature dependent shape change and shift to higher frequency of the H-bonded OH
band. Note that a decrease in the intensity of the hydration-shell OH band indicates that
corresponding hydration shell more closely resembles bulk water (as the hydration-shell
OH band would necessarily disappear if the water molecules in the solute’s hydration-shell
were identical to bulk water molecules). Thus, our results imply that as temperature
increases from 20ºC to 40ºC, the hydrophobic hydration-shell water increasingly resembles
that of bulk water. The increase in the dangling OH band area with increasing temperature
indicates that dangling OH structures are entropically stabilized.15 The more dramatic
hydration-shell spectral shape changes around the longer chain solutes, pentanoic acid,
hexanoic acid, and hexanoate (shown in the three left hand panels of Figure 4.3), are
resemble those previously observed in aqueous alcohols of the same aliphatic chain
lengths.16 Note that the higher frequency of the new H-bonded OH band that emerges at
high temperature indicates that the latter hydration shell structure has weaker H-bonds and
lower tetrahedral order than the surrounding bulk water (at the same temperature).16

81
The results shown in the right-hand panels of Figure 4.3 reveal that a similar
hydrophobic structural transformation also takes place after the carboxylic head group has
been deprotonated (at pH ~7), but now the onset of the transformation is shifted to aliphatic
chains that have one additional methylene group. In other words, the transformation around
butanoic acid (A) is similar to that around a pentanoate anion (D), and the transformation
around pentanoic acid (C) is similar to that around a hexanoate anion (F). This implies that
deprotonating a carboxylic acid head group suppresses the water structural transformation
around the nearest α-methylene group, but not the remaining aliphatic chain, farther away
from the negatively charged head group.
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Figure 4.3. The SC spectra of aqueous (A) butanoic acid, (B) butanoate, (C) pentanoic acid,
(D) pentanoate, (E) hexanoic acid, and (F) hexanoate are shown for the 20°C-100 °C
temperature range.

Figure 4.4 contains the SC spectra for formic acid, sodium formate, pentanoic acid,
and sodium pentanoate in the temperature range 20°C to 100°C with no head group
subtraction. Figure 4.4C shows that even without head group subtraction, the water
molecules around pentanoic acid still undergo the water structural transformation, as there
is still a higher frequency H-bonded OH band that grows in with increasing temperature
(although it is more evident with head group subtraction). The water structural
transformation is not observed around formic acid, sodium formate, or sodium pentanoate.
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Figure 4.4. SC spectra without head group subtraction for (A) formic acid, (B) sodium
formate, (C) pentanoic acid, and (D) sodium pentanoate as a function of temperature.

4.4.2. Cationic Species
To further investigate the influence of charged groups on hydrophobic hydrationshell structure, Raman-MCR experiments were performed on aqueous solutions of
tetraalkylammomium bromide salts (R4N+Br-) and trimethyloctlyammonium bromide
(C8TAB) as a function of temperature from 20°C to 100°C, as shown in Figure 4.5; panels
A-C show the measured hydration-shell spectra of R4N+ results, where R = CH3(CH2)2,
CH3(CH2)3, and CH3(CH2)4, respectively, while panel D shows the hydration-shell spectra
of C8TAB. In each case, an equimolar amount of NaBr was added to the reference solution
(as described in Section 4.2.2), to ensure that the resulting hydration shell spectra contain
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features arising primarily from the molecular cation hydration shells, with little or no
contribution from the hydration shell of the Br- counter ions.
The R4N+ hydration-shell spectra shown in panels A-C of Figure 4.5 look
remarkably similar to those of n-alcohols with the same R-groups, including the appearance
of the water structural transformation when the R-group contains four or more carbons.
This seems to imply that water structure is dictated primarily by the length of each R-group,
rather than by the total number of solute methylene/methyl groups (since R4N+ has four
times as many methylene/methyl groups as an alcohol with the same R-group). However,
the hydration-shell spectra of C8TAB, shown in panel D of Figure 4.5, lead to a different
conclusion, because the C8TAB hydration shell clearly does not undergo the structural
transformation. In other words, if the transformation was dictated only by the length of the
longest R-group, then C8TAB should have shown clear evidence of a structural
transformation. Instead, the temperature dependence of the water structure around C8TAB
resembles that around the tetrabutylammonium cation and n-butanol. The similarity of
these hydration shell spectra to that of n-butanol suggests that the structural transformation
observed to take place around the C8TAB and the tetrabutylammonium cation only
involves about four methylene/methyl groups. This suggests that the central cationic charge
suppresses the water structural transformation beyond the α-methylene group that is closest
to the nitrogen atom.
Previously reported quantum calculations indicate that the nitrogen atom on such
cations is nearly neutral, or may even have a slight excess negative charge,12,14 thus
implying a significant charge distribution to the neighboring methylene groups. Moreover,
our previous Raman-MCR studies revealed that hydration shells of tetraalkylammonium
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cations have significantly fewer water dangling OH groups than n-alcohols with the same
number of carbons, thus implying that cations suppress the formation of dangling OH
defects in water’s tetrahedral H-bonding network. These results point to the conclusion that
the cationic cores of tetraalkylammonium cations suppresses the temperature induced
transformation of water to a less ordered and more weakly H-bonded structure.

Figure 4.5. Panels (A) through (D) are the hydration-shell spectra for
tetrapropylammonium bromide, tetrabutylammonium bromide, tetrapentylammonium
bromide, and trimethyloctylammonium bromide, respectively. Only tetrapentylammonium
bromide undergoes the water structural transformation.
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Comparisons of the results shown in Figure 4.3 and Figure 4.5 provide further
evidence that -N(CH3)3+ and -COO- head groups have a quite different influence on
neighboring hydrophobic hydration shell structures. More specifically, the hydration-shell
spectra in Figure 4.3F show clear evidence of a temperature dependent water structural
transformation in the hydration-shell of n-C6OO-, while the spectra in Figure 4.5D indicate
that the structural transformation has been suppressed by the cationic head group of
C8TAB, even though C8TAB has a longer aliphatic tail than n-C6OO-. Thus, a cationic N(CH3)3+ head group is evidently far more effective in suppressing the hydrophobic water
structural transformation than an anionic -COO- head group.

4.5. Chain Length Dependence
Figure 4.6 shows the SC spectra for aqueous butanoate, pentanoate, hexanoate,
octanoate, decanoate, and dodecanoate at 100 °C. For carboxylates with six or more
carbons in their alkyl chain, the water structural transformation is evident. The increasing
intensity of this feature indicates that, as chain length increases, an increasing number of
solvation shell water molecules are perturbed by the solute.
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Figure 4.6. The SC spectra of aqueous butanoate, pentanoate, hexanoate, octanoate,
decanoate, and dodecanoate at 100°C are shown. As previously published2, the number of
carbons in carboxylates, as in n-alcohols, also increases the number of water molecules per
hydration shell. Note that head group subtraction was used to obtain all SC spectra. The
carboxylates are show to the right for size reference.

4.6. Theoretical Calculations
Molecular Dynamics (MD) simulations were performed using GROMACS87 on
aqueous pentanoic, and pentanoate systems to determine the number of water molecules in
the first hydrophobic hydration shell. The simulations consisted of a single solute molecule
dissolved in approximately 500 TIP4P water molecules88 (and a single Na+ ion for the
pentanoate simulations). All solute molecules were represented using OPLS-AA
potentials89 and all bond lengths and angles were constrained using the SHAKE algorithm90
to geometries optimized at the HF 6-31(+,+)G** level of theory. A velocity-rescale
Berendsen thermostat91 and Berendsen barostat92 were used to perform NPT simulations
at 293 K and 1 bar. The Particle Mesh Ewald (PME) method93 was used for electrostatic
interactions and a cut-off of less than half the average box length was used for Lennard-
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Jones interactions. All systems were pre-equilibrated for at least 100 ps. Results were
obtained from MD simulations of 10 ns duration.
To aid in the interpretation of the Raman-MCR results shown in Figure 4.3 we have
performed Hartree-Fock (6-311G++(3d,3p)) and density functional theory (B3LYP/6311G++(3d,3p)) calculations of carboxylic acids and carboxylate anions. These
calculations indicate that the α-carbon pentanoate is more negative than that of pentanoic
acid by -0.1±0.07e, as determined using both the Mulliken94 and Natural Population
Analysis (NPA)95 methods. This charge delocalization is expected to decrease the
hydrophobicity of the α-carbon on a carboxylate anion, and stabilize the formation of water
dangling OH structure groups.30
Table 4.1 reports partial atomic charges on the terminal methyl and methylene
groups of pentanoic acid and pentanoate, as well as the charge on the head group carbon
and oxygen atoms. These charges were calculated from Mulliken and Natural Population
Analysis methods (as described in the parent manuscript).

Table 4.1. Partial charge of pentanoic acid and pentanoate. A reference for pentanoic acid
and pentanoate molecules is shown below the table.
Pentanoic Acid
Mulliken HF

CH3 (5)

Mulliken
DFT
-0.18

CH2 (4)

Pentanoate
NPA
DFT
0.019

Mulliken DFT

Mulliken HF

-0.26

NPA
HF
0.017

-0.3

NPA
HF
-0.015

NPA
DFT
-0.016

-0.22

0.096

0.12

-0.0064

-0.0072

0.11

0.11

-0.026

-0.028

CH2 (3)

0.1

0.17

0.023

0.021

0.11

0.14

0.00026

-0.0061

CH2 (2)

0.079

0.057

-0.037

-0.029

-0.13

0.006

-0.11

-0.12

C (1)

0.069

0.22

0.96

0.81

0.052

0.21

0.93

0.76

O (6)

0.11

0.059

-0.75

-0.69

-0.46

-0.57

-0.89

-0.8

O (7)

-0.28

-0.37

-0.69

-0.61

-0.47

-0.59

-0.89

-0.79
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Figure 4.7. Structures of pentanoic acid and pentanoate for group and atom numbering in
table 4.1.

In an effort to further elucidate the influence of carboxylic acid deprotonation on
water structure, MD simulations were performed, including 500 TIP4P water molecules
and a single OPLS-AA pentanoic acid or pentanoate molecule. Note that the classical
OPLS-AA potentials used in these simulations are consistent with the above intramolecular
charge redistribution, as the OPLS-AA potential for the α-methylene of carboxylate anions
also has net negative charge that is 0.1e greater than that for neutral carboxylic acid. Such
simulations were used to calculate the tetrahedral order parameter of water (q) around each
solute methylene/methyl group using the method described by Errington and
Debenedetti.96 Note that a value of q = 1 pertains to a local structure of water in which the
four nearest neighbors of a central water molecule are located on the vertices of a
tetrahedron. Thus, lower values of q correspond to less tetrahedrally ordered water and
higher values indicate more tetrahedrally ordered water.
As shown in Figure 4.8, our MD simulation results indicate that charging
(deprotonating) a carboxylic acid head group exerts a significant influence on water
structure around the α-methylene. More specifically, Figure 4.8A shows the tetrahedral
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order parameter distribution functions, P(q), pertaining to water molecules within 0.4 nm
of either the α-methylene (carbon 1) or the γ-methylene (carbon 3) of pentanoic acid (blue
points) and pentanoate (red points). These results indicate that tetrahedral order around the
α-carbons (solid points) is quite sensitive to head group charge, while that around γ-carbons
(open points) is virtually identical for pentanoic acid and pentanoate. Figure 4.8B shows
the average tetrahedral order parameter <q> around each of the methylene and methyl
groups of pentanoic acid and pentanoate. These results confirm that water around the outermost methylene and methyl groups is predicted to be unaffected by deprotonating the head
group, while water structure around the α-methylene groups is most strongly affected by
head-group deprotonation, in qualitative agreement with our experimental results.
However, the MD simulations suggest that charging the head group also influences the
water molecules around the β-methylene group (carbon 2 shown in panel B of Figure 4.8),
although to a lesser extent than the α-methylene.

Figure 4.8. (A) Tetrahedral order distribution, P(q), of water molecules around carbons 1
(closed circles) and 3 (open circles) of pentanoic acid (red circles) and pentanoate (blue
circles). (B) Average tetrahedral order of the water molecules around each of the carbon
atoms of pentanoic and pentanoate.
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4.7. Conclusions
Raman-MCR was used to discover that the hydrophobic hydration shells of neutral
n-carboxylic acids closely resemble those of n-alcohols with the same number of
methylene/methyl groups. This suggests that neutral polar head groups do not significantly
alter water structure around neighboring aliphatic groups. However, once the neutral
carboxylic acid head group is deprotonated, so it is negatively charged, the water structural
transformation around the neighboring aliphatic tail resembles that around an n-alcohol
whose tail is one carbon shorter. This suggests that a negatively charged head group only
significantly influences water structure out to the nearest α-methylene group. On the other
hand,

Raman-MCR

results

obtained

from

aqueous

solutions

containing

tetraalkylammonium cations imply that the cationic charge influences water structure over
a longer length scale, extending out to the seven or eight carbons nearest to the central
nitrogen atom. Thus, the length scale over which hydrophobic hydration shell structures
are influenced by a neighboring neutral -COOH group is apparently smaller than the
diameter of one water molecule but increases to about the diameter of a water molecule
when the head group is deprotonated to -COO-, while the influence of a cationic R4N+
group apparently extends over a somewhat larger distance – these differences may all be
linked to the distance over which charge is delocalized to the neighboring aliphatic domain.
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CHAPTER 5. MISCELLANEOUS SPECTROSCOPIC STUDIES USING RAMANMCR

5.1. Introduction
In the previous three chapters, Raman-MCR was used to elucidate information
about water mediated interactions, including the hydration of CO2, the binding of divalent
metal cations to carboxylate groups, and the influence of charged groups on neighboring
hydrophobic hydration shell structure. In this chapter, Raman-MCR is used to study several
different phenomena including the influence of solute shape on hydrophobic hydration,
gauche/trans conformational change of hydrated n-butane, influence of a second hydroxyl
group on the hydration of alcohols, effects of moving the OH group on the hydration of
pentanol isomers, supercooled aqueous solutions, water as a solute, and the rotation of H2
gas in various solutes.
The difference in the hydrophobic hydration of longer, linear hydrophobic groups
and more compact branched and cage-like groups, which may be related to hydrophobic
crossover predictions,81,83–85 can provide insights into protein-water systems. Studies of the
hydration of a simple model for a protein, n-butane,97 can provide clues about the folding
of proteins. Additionally, the influence of the number and position of OH and COO- groups
on hydrophobic hydration can provide insight on the influence of polar groups, which are
abundant on protein surfaces.72
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The remaining sections involve more fundamental studies of hydration and
solvation. The group has studied the transformation of water molecules at elevated
temperatures (~60°C) in the hydration shells of linear alcohols,2 but recent preliminary
simulation results have suggested that a similar transformation may occur at supercooled
temperatures. Additionally, even though the study of water clusters is primarily restricted
to the gas phase, here, an attempt is made to study their formation in nonpolar organic
solvents. Finally, the H2 molecule’s rotation is studied in various solvents.

5.2. Methods

5.2.1. Liquefying Butane Gas
A lecture bottle of ultrapure gaseous n-butane was used to flow the gas into a vial
containing frozen water, which is cooled using an acetone/dry ice mixture bath. n-Butane
condenses at ~0°C and the acetone/dry ice bath (-78°C98) is more than enough to instantly
condense the gas on top of the frozen water. The vial is then sealed with a screw-cap and
o-ring and placed at room temperature until the ice melts and an equilibrium is established
between the water and n-butane. The resulting vial contains two chemical phases: a liquid
n-butane phase on top of an aqueous n-butane phase. The vapor pressure of the n-butane is
adequate to keep the liquid alkane layer on the surface of the aqueous mixture.
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5.2.2. Simulation Details for Supercooled Aqueous Alcohol Solutions
The details for MD simulations contained in this chapter were provided by Damien
Laage and his former graduate student, Elise Duboué-Dijon for their work at CNRS
UMR 8640 Pasteur, Département de Chimie, Ecole Normale Supérieure.
We performed classical molecular dynamics simulations of dilute aqueous
solutions of n-propanol, n-pentanol and n-heptanol at ambient temperature (298 K), at
higher temperatures (≃325 K, 350 K and 373 K) and in the supercooled domain (≃260 K
and 235 K). The simulation boxes contain one alcohol molecule and respectively 550 water
molecules for the propanol and pentanol solutions and 800 water molecules for the heptanol
solution, corresponding to respective molalities of 0.1 m and 0.07 m. We use the
TIP4P/2005 water model,99 which provides one of the best available classical descriptions
of the water phase diagram100 and which was shown to properly reproduce structural and
dynamical properties of hydrophobic hydration shells.101 The alcohol molecule is described
by the CHARMM general force field.102 Each system is first equilibrated for 1 ns in the
canonical ensemble before a production run of 4 ns at ambient temperature and higher, 8
ns at 260 K and 10 ns at 235 K, in the canonical ensemble with a propagation time step of
1 fs and a Langevin thermostat with a damping frequency of 0.2 ps-1. Bonds between
hydrogen and heavy atoms are constrained using the SHAKE and SETTLE algorithms.
For an isotopically substituted water molecule HOD in D2O where the two
stretching modes are decoupled, the OH vibrational frequency was shown to be
approximately proportional to the local electric field experienced by the water hydrogen
atom103,104 projected along the OH bond direction. We therefore probe the local structure
through this local electric field E on the water hydrogen atom, calculated by summation of
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Coulombic pair interaction terms in direct space, with a cutoff at half the box length and
projected along the OH direction. We then use the linear frequency map developed by
Skinner and coworkers105 to convert the electric field into OH vibrational frequency: wOH=
3806.1 cm-1 − 10792 cm-1 /au * E. Since frequency maps relating E to the vibrational
frequency have been determined for the SPC/E water model but not for the TIP4P/2005
model, we calculate the electric field in each configuration following the procedure
suggested by Skinner and coworkers by transforming each TIP4P/2005 water molecule
into a SPC/E molecule, keeping the oxygen atom fixed and moving the two hydrogen atoms
while conserving the molecular plane and the dipole moment orientation. The obtained
vibrational frequency distribution can thus be viewed as the inhomogeneous limit of the
Raman spectrum for a dilute HOD in D2O system.
We obtain the electric field distributions for water molecules in the bulk and in the
hydration shell of the different solutes at the different temperatures. These electric field
distributions are converted into OH frequency distributions using the frequency map
developed by Skinner and coworkers. We use a geometric definition of the hydration shell:
a water molecule is considered to be respectively bulk-like if its oxygen atom lies further
than 8 Å from any atom of the solute and within the hydrophobic part of the hydration shell
if its oxygen atom lies less than 4.5 Å away from any carbon atom of the solute and more
than 3 Å from the propanol oxygen atom.
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5.2.3. Pressurization with H2 Gas
The system described in section 2.2.2 can be used to pressurize samples with H2,
although more care is required as H2 is highly flammable and can also cause the highpressure tubing to become brittle.

5.2.4. Spectroscopic Details
Raman vibrational spectra were collected using a home-built Raman instrument
(514.5 nm Argon ion laser with a laser power of 14 mW at the sample).2,3 For each sample
either 2 or 4 spectra (4 for low concentration, due to noisy spectra), with a total signal
integration time of five minutes, were collected. It should be noted that ½ dram vials
(Kimble Chase, 60812B-12, 12x35 mm, Clear Screw Thread Vial) were used to collect
some spectra (sections 5.4, 5.7, and 5.8) instead of spectroscopic cuvettes due to the
elevated pressures and extreme temperatures. The glass vials were placed in copper holders
that were the same size and shape as the spectroscopic cuvettes normally used with the
sample holder. This was done to ensure the glass vials were equilibrated to the correct
temperature in a reasonable amount of time. Raman spectra were collected from -20°C to
100°C using a temperature (to the nearest 0.01C) controlled spectroscopic cell holder
(LC600, Quantum North-west). For temperatures below 15°C, a N2 gas flow was used in
the spectroscopic cell holder to prevent icing on the outside of the cuvettes. Temperatures
below 0°C also required an ice bath to cool the spectroscopic cell holder. SMCR2,5,6 was
implemented in Igor Pro 6.37A (Wavemetrics, Inc.) to analyze the collected spectra.
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5.2.5. Chemical Details
Methanol (99+%, Sigma), n-propanol (99.8%, Mallinckrodt), n-butanol (99.4+%,
Mallinckrodt), n-pentanol (99+%, Sigma Aldrich), 2-pentanol (98%, Aldrich), 3-pentanol
(99.5%, Fluka), n-hexanol (98%, Aldrich), 1,2-hexanediol (98%, Sigma Aldrich), 1,6hexanediol (98%, Sigma Aldrich), neopentanol (99%, Aldrich), tert-butanol (99.5+%,
Sigma Aldrich), benzene (99+%, JT Baker), hexane (95+%, JT Baker), cyclohexane
(99.9%, Sigma Aldrich), n-butane (99.9% Matheson Gas), sodium formate (99+% Sigma
Aldrich), octanoic acid (98+%, Aldrich), octanedioic acid (98%, Aldrich), sodium
decanoate (99+%, Sigma), 1-adamantanecarboxylic acid (99%, Sigma Aldrich),
tetrahydrofuran (99+%, Macron Chemicals), H2 gas (99+%, Indiana Oxygen), were used
without further purification. Aqueous solutions were prepared using ultra-purified water
(Milli-Q UF Plus, 18.2 MΩ·cm, Millipore) at concentrations between 0.022 M and 0.5 M.

5.3. Influence of Solute Shape on Hydrophobic Hydration Shell Structure
Chapter 4 demonstrated that a charged group can have enormous influence on the
nearby hydration shell structure, and that anionic and cationic charges have different effects
on neighboring water structure. The chain length of linear alcohols and charged species is
also known to influence hydrophobic hydration, with n-pentanol undergoing a water
structural transformation at a lower temperature than n-butanol, and hydrophobic groups
smaller than n-butanol exhibit no such transformation in the temperature range studied,
0°C to 100°C.2,8 Additionally, the chain length dependence of the non-hydrogen bonded
peak at ~3660 cm-1 has been investigated, and indicates that the entropically stabilized
defect probability increases nonlinearly with hydrophobic surface area.30,31 While there
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have been a few investigations into the influence of branching on water mediated
interactions, these studies are disjointed and limited.106–109 Here, the influence of solute
shape, particularly the difference between linear and branched hydrophobic groups, is
investigated using Raman-MCR.

Figure 5.1. Temperature dependent spectra from 20°C to 100°C of (A) n-butanol, (B) tertbutanol, (C) n-pentanol, (D) neopentanol, (E) decanoate, and (F) 1adamantanecarboxylate. Note that the water structural transformation is not as prevalent
(or absent in the case of TBA) around the more spherical molecules as it is around the
linear molecules.

The temperature dependent SC spectra in Figure 5.1 show that there is a clear
suppression of the water structural transformation when the linear hydrophobic group is
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changed to a branched or cage-like hydrophobic group. In other words, the water structural
transformation either occurs at a higher temperature, in the case of n-pentanol/neopentanol
and decanoate/1-adamantanecarboxylate, or is no longer observed, in the case of n-butanol
and tert-butanol. This change in hydrophobic hydration is most likely related to
hydrophobic cross-over predictions81,83–85 and is, perhaps, correlated to the change in
solvent accessible surface area (SASA). Table 5.1 contains the SASA for the molecules
shown in Figure 5.1. tert-Butanol is the only solute in Figure 5.1 who’s hydration shell
water molecules have not undergone the structural transformation, and has the smallest
SASA. The molecule with the largest SASA is decanoate which also exhibits the most
dramatic structural transformation. The other solutes exhibit a structural transformation
that becomes more dramatic with increasing SASA, indicating that the two are correlated.

Table 5.1. Connolly accessible surface area (calculated using Chem3D Pro, 13.0.2.3021)
for the molecules in Figure 5.1 (probe radius of 1.4 Å).
Solute
Solvent Accessible Surface Area (Å2)
n-butanol (C4H9OH)
264
tert-butanol (C4H9OH)
251
n-pentanol (C5H11OH)
295
neopentanol (C5H11OH)
275
decanoate (C9H19COO-)
450
1-adamantanecarboxylate (C10H15COO )
350

In addition to the SASA, changes in partial molar volume upon moving from a
linear to branched hydrophobic group can also shed light onto the observed differences in
hydrophobic hydration. Additionally, perhaps the change from linear to branched and cagelike solutes is sufficient to permit the polar group to influence the hydration around more
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of the solute’s hydrophobic groups. In other words, the distance between the polar OH or
COO- groups and hydrophobic groups (CH2 and CH3) has decreased to the point where
they can influence the hydration of more hydrophobic groups. Finally, when changing the
linear hydrophobic group to a branched hydrophobic group, the number of methyl groups,
-CH3, increases.

5.4. Gauche/Trans Isomerization of n-Butane Upon Hydration
Historically, there has been a lot of effort put forth to determine the influence of
hydration shell water structure on the conformational changes of large biomolecules, such
as proteins. Many of these large biomolecules are difficult to study both experimentally
and computationally, thus smaller model molecules, such as n-butane are used. The
gauche/trans (g/t) isomerization of n-butane has been studied extensively in the gas
phase110–113, pure liquid phase114–117, and in both aqueous97,115,118,119 and nonpolar
organic117,120–122 solvents. Although there are extensive aqueous studies, these are limited
to theoretical investigations due to the very poor aqueous solubility of n-butane (1.16
mM).123
Here, an attempt is made to experimentally measure the g/t isomerization ratio of
n-butane upon hydration. To accomplish this, a layer of liquid n-butane was added to a vial
containing a pure water, resulting in a pure n-butane and aqueous n-butane two phase
mixture (see section 5.2.1). Figure 5.2 shows the different conformers of n-butane, as well
as an illustration of the hydration of n-butane.
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Figure 5.2. (left) n-butane structures (lower left) in the trans and gauche conformations
with associated Newman projections (upper left). (right) illustration of the hydration of nbutane.

There is a consensus on the g/t ratio (the ratio of gauche n-butane molecules to
trans n-butane molecules) for n-butane in the gas phase. Values range from 0.47 to 0.59
for theoretical117–119,122,124,125 studies and from 0.40 to 0.50 for experimental110,112,126,127
studies. These values are summarized in the study done by Cui and Smith.97 Figure 5.3
contains trans and gauche peak assignments for gaseous n-butane.128 The areas of the
second trans peak and third gauche peak (both are CC stretching bands) were used to
calculate the g/t ratio of 0.36, which is smaller than the reported literature values. These
peaks were chosen because they are the most intense and are likely most sensitive to the
different conformations. However, this assumption may be the reason that the gaseous g/t
ratio is smaller than the reported literature values.
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Figure 5.3. Raman spectrum of gaseous n-butane with the trans and gauche peak
assignments.128 The g/t ratio is 0.36 and was calculated using the highlighted peaks.

In addition to the lack of experimental aqueous n-butane studies, there is no
theoretical consensus on the g/t ratio which range from 0.54 to 4.83–85,89,91,92 These values
are again summarized in the work by Cui and Smith.97 Even though there is no agreement,
most theoretical studies predict an increase in the g/t ratio, which indicates that water drives
the model protein to fold (increases the fraction of n-butane molecules that adopt the
gauche conformation). Figure 5.4 contains the Raman spectra of pure liquid and gaseous
n-butane, as well as the SC spectrum of aqueous n-butane. The experimental g/t ratio is
again calculated using the peaks labeled in Figure 5.4 and determined to be 0.4, or slightly
higher than that in the gas (0.36) or liquid (0.38) phase, indicating a slight propensity to
“fold” the butane. This result is in qualitative agreement with the theoretical predictions,
but must be treated as a crude and preliminary measurement.
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Figure 5.4. SC spectrum of aqueous n-butane (blue), Raman spectrum of liquid n-butane
(red), Raman spectrum of gaseous n-butane (black). Note that the spectra are arbitrarily
vertically offset.

5.5. Aqueous Diols and Dioates
One of the most common questions about studies involving Raman-MCR and
aqueous alcohols is whether the OH region in the alcohol SC spectrum contains any signal
from the hydroxyl group of the alcohol itself, or any water molecules hydrogen bonded to
it. There are two primary pieces of evidence that support that the OH region is dominated
by the OH stretches of water surrounding the hydrophobic group. The first is that the SC
spectra of aqueous benzene and aqueous phenol are extremely similar.3 The second piece
of evidence is that the SC spectra of n-hexanol, 1,6-hexanediol, and 1,2-hexanediol at 20°C
look very similar, as shown in Figure 5.5. While this is important for the interpretation of
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the hydration shells of alcohols,2,10,30,31 the more intriguing aspect is the temperature
dependence of the three hexyl alcohols in Figure 5.5.

Figure 5.5. Temperature dependent SC spectra for (A) 0.06 M n-hexanol, (B) 0.5 M 1,6hexanediol, and (C) 0.5 M 1,2-hexanediol. This data is in the supporting information of the
nature paper2 as well as unpublished data from Joel Davis, a former member of the group.

The addition of a second hydroxyl group has a profound influence on the hydration
of hexanol in that the water structural transformation observed around n-hexanol is almost
completely suppressed around the hexanediols. Moreover, the temperature dependent SC
spectra for 1,8-octanediol also show a profound suppression of the water structural
transformation (Figure A.6). It should be noted that the difference in concentration may
also play role in suppressing the water structural transformation, but is not expected to have
a large influence at concentrations below 0.5 M. Additionally, a similar trend is observed
with octanoate and octanedioate in that the water structural transformation is not observed
to occur around octanedioate (Figure 5.6), although, this suppression is in part from the
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introduction to a second negatively charged COO-. It is also worth noting that the
temperature dependent SC spectra for 1,6-hexanediol and 1,2-hexanediol are surprisingly
similar, implying that moving the OH group from the terminal carbon to the carbon
adjacent to the one containing the other OH group has little to no influence on hydrophobic
hydration.

Figure 5.6. Temperature dependent SC spectra for (A) 0.05 M octanoate and (B) 0.5 M
octanedioate (B). The water structural transformation is completely suppressed (is not
observed) around octanedioate. Note that these spectra were headgroup subtracted in the
manner described in section 4.4.2.
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5.6. Isomers of n-Pentanol
In the previous section it was shown that the addition of a second OH or COOgroup has a profound effect on the temperature dependent hydration shell, suppressing it
either completely or mostly (Figure 5.5 and Figure 5.6). Here, the influence of moving one
OH group is investigated for isomers of 1-pentanol (n-pentanol). Figure 5.7 contains the
temperature dependent SC spectra for 1-, 2-, and 3-pentanol (all at 0.5 M), which indicate
that the hydration shell is stabilized as the OH group is moved toward the center of the
hydrophobic group. In other words, the water structural transformation is apparent in 1pentanol, suppressed in 2-pentanol, and absent in 3-pentanol. It should be noted that the
SC spectra for 2- and 3-pentanol are preliminary and need to be reproduced, while the SC
spectrum for 1-pentanol is well studied.2

Figure 5.7. Temperature dependent SC spectra for 0.5 M 1-, 2-, and 3- pentanol showing
that as the OH group is moved toward the middle of the molecule, the hydration shell
becomes more stabilized. In other words, the water structural transformation observed
around 1-pentanol, suppressed around 2-petanol, and not observed around 3-pentanol.

107
5.7. Supercooled Aqueous Solutions
A discussion with Damien Laage (CNRS UMR 8640 Pasteur, Département de
Chimie, Ecole Normale Supérieure) led to the belief that there may be a change in n-alcohol
hydrophobic hydration shell water structure at supercooled temperatures (temperatures
below the freezing point of water). Simulations performed on aqueous linear alcohols, such
those shown Figure 5.8 indicate that the OH band blue shifts when increasing the
temperature from 20°C to 100°C and red shifts when decreasing the temperature from 20°C
to -13°C. However, when decreasing the temperature from -13°C to -38°C, a slight blue
shift occurs for n-pentanol and n-heptanol, but not n-propanol.

Figure 5.8. Temperature dependent SC spectra in the range -38°C to 100°C for simulated
n-propanol (A), n-pentanol (B), and n-heptanol (C) in D2O from the Laage group in Paris,
France.

To see if Raman-MCR experiments exhibited this same trend in the OH band shift,
an attempt was made to supercool water to the lowest possible temperature without forming
ice. While the Raman spectrum of pure water at -15°C was obtained, 0.2 M aqueous
mixtures of n-propanol and n-pentanol froze at -10°C, making it impossible to collect
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spectra below this temperature. Additionally, n-heptanol is not soluble enough in water to
obtain useful SC spectra. Figure 5.9 contains the temperature dependent SC spectra for npropanol and n-pentanol and reveal that no such trend is observed at -10°C. Even if it was
possible to collect Raman spectra at -38°C, the slight blue shift of the OH band might be
too small to observe using the current Raman-MCR setup.

Figure 5.9. Temperature dependent SC spectra for 0.2 M aqueous n-propanol (A) and 0.2
M aqueous n-pentanol (B) in the range -10°C to 100°C.
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5.8. Water as a Solute
In many of the experiments discussed so far, water has been the solvent. In this
section, water is dissolved in organic solvents, and treated as a solute. Here, the
concentration of water in benzene is increased such that the formation of water clusters can
be studied.129 Figure 5.10 shows the SC spectra for saturated water in benzene at 20°C and
60°C.

Figure 5.10. SC spectra for water in benzene at 20°C and 60°C (solid blue and yellow,
respectively) as well as the Raman spectra of pure benzene (black) water (dashed blue) and
at 20°C.

These SC spectra contain spectral features arising from water molecules as well as
from perturbed benzene molecules. The 20°C SC spectrum in Figure 5.10 contains a clear
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non hydrogen bonded peak at ~3610 cm-1, which comes from isolated water molecules,
and no hydrogen bonded signal. In other words, the concentration of water is not high
enough for water molecules to hydrogen bond to one another, resulting in only nonhydrogen bonded water molecules. It should be noted that the non-hydrogen bonded OH
peak of isolated water in benzene appears at the same frequency of π-hydrogen bonds
between aqueous benzene and its hydration shell water molecules, at 3610 cm-1.3
When the temperature is increased to 60°C, water becomes more soluble in
benzene130 and the non-hydrogen bonded OH peak dramatically increases. The poor
baseline makes it difficult to determine whether or not the signal in the region 3100 cm-1
to 3400 cm-1 is from hydrogen bonded water or not. In any case, the solubility of water in
benzene at 20°C is not adequate to study the formation of water clusters by slowly
increasing the concentration, which was the original intent. Studies at higher temperatures
where water is more soluble may be possible, but were not investigated here.
There is also a blue shift in the CH stretch of perturbed benzene molecules. This
has previously been attributed to hydrogen bonding between water and benene.46 n-Butane
was also saturated with water to determine whether or not the free OH peak was shifted
relative to the dangling OH peak observed in the hydration shells of n-alcohols. Figure 5.11
contains the SC spectrum of water in n-butane.
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Figure 5.11. SC spectrum of water in n-butane (blue) and Raman spectrum of pure n-butane
(black). The inset shows the free OH peak at ~3630 cm-1. This is the only water feature in
the SC spectrum indicating that water molecules are isolated in n-butane.

The solitary presence of the free OH band at ~3630 cm-1 indicates that the water
molecules dissolved in n-butane are isolated from one another. The CH stretch of the
perturbed n-butane is red shifted from that of pure n-butane, which is in contradiction to
what one would expect.46 There are no organic nonpolar solvents in which water was
soluble enough to conduct cluster formation studies.130

5.9. H2 Dissolved in Various Solvents
The Raman spectrum of H2 gas contains both rotational (<1100 cm-1) and
vibrational (~4150 cm-1) bands, as shown in Figure 5.12. As part of a project that involved
monitoring H2 concentrations in THF at very high pressures, a calibration curve for H2 in
THF was generated (Figure A.7).
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Figure 5.12. Raman spectrum of gaseous H2, which contains both rotational (< 1100 cm-1)
and vibrational (4150 cm-1) bands.

Upon inspection of the SC spectra for H2 in THF (at pressures between 0.1 and 1
MPa; Figure 5.13C), there was no apparent rotational band for H2. This sparked the
investigation of the rotation of H2 in various solvents, including methanol, n-hexane,
cyclohexane, and water which may be related to the H2 storage and stabalization.131 These
pressure dependent SC spectra are summarized in Figure 5.13.
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Figure 5.13. Rotational (left) and vibrational (right) bands for H2 in the (A) gas phase, as
well as for pressure dependent SC spectra for H2 (B) in n-hexane, (C) THF, (D) methanol,
(E) cyclohexane, and (F) water.
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While it is still unclear whether or not H2 rotation is arrested in THF (the
interference of THF peaks make it hard to pin down), there is a clear change, such as band
broadening, in the rotational band depending on the solvent in which it is dissolved.
Unfortunately, the current setup limited the pressures that could be reached to 1 MPa, so
no measurable amount of H2 gas could be dissolved in water (Figure 5.13E), however, the
rotation of aqueous H2 has been previously studied.132–134

5.10. Conclusions
This chapter is a testament to the robustness of Raman spectroscopy and, more
specifically, Raman-MCR. Raman-MCR allows for the study of systems ranging from
supercooled water to the gauche/trans conformational change of hydrated n-butane to the
rotation of H2 in different solvents. Raman-MCR permits the study of the solvation shell
of solutes in a variety of different environments. This approach has revealed that the water
structural transformation is suppressed around branched or cage-like hydrophobic groups
compared to linear hydrophobic groups.2,8 Preliminary results from aqueous n-butane
suggest, in agreement with simulations, that n-butane folds more when hydrated compared
to the gas phase. Additionally, studies of diols, dioates, and alcohol isomers reveal that
polar group number and position can profoundly affect the hydration of hydrophobic
groups. More fundamental simulation studies suggest that a transformation of hydration
shell water may occur at supercooled temperatures, similar to what occurs at elevated
temperatures, although experimental limitations prevent any Raman-MCR confirmation.
Finally, preliminary results suggest that H2 rotation may be reduced or arrested in different
solvents, although further investigation is required.
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APPENDICES

Appendix A: Supplemental Figures and Tables
Figure A.1. contains the spectra of other possible species in equilibrium with CO2
in water. This is a spectroscopic confirmation that the SC spectrum of carbonated water is
dominated by dissolved CO2 and not the other equilibrium species.

Figure A.1. SC spectra of aqueous K2CO3, NaHCO3, and carbonated water. The carbonated
water SC spectrum is dominated by CO2.
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The equilibrium pH and concentrations of different species in carbonated water at
various pressures of CO2 are summarized in Table A.1. This table was generated using the
equilibrium expressions for the equilibria between the species in Equation 2.1.

Table A.1. Equilibrium pH and concentrations of different species in carbonated water at
various pressures of CO2.
PCO2
(atm)
10
10
10
10
10
10

-8

-7

-6

-5

-4

-3

+

[H ] (M)
1.1 X 10
1.6 X 10
1.6 X 10
3.9 X 10
1.2 X 10
3.8 X 10

0.01

1.2 X 10

0.1

3.8 X 10

1

1.2 X 10

10

3.8 X 10

pH

[CO2]

[H2CO3]

(M)

(M)

-7

6.97

3.4 X 10

-7

6.81

3.4 X 10

-7

6.81

3.4 X 10

-7

6.41

3.4 X 10

-6

5.92

3.4 X 10

-6

5.42

3.4 X 10

-5

4.92

3.4 X 10

-5

4.42

3.4 X 10

-4

3.92

3.4 X 10

-4

3.42

0.336

-9

-8

-8

-7

-6

-5

-4

-3

-2

5.7 X 10

-12

5.7 X 10
5.7 X 10
5.7 X 10

-11

-11

-10

5.7 X 10
5.7 X 10
5.7 X 10
5.7 X 10
5.7 X 10
5.7 X 10

-9

-8

-7

-6

-5

-4

-

2-

[HCO3 ]

[CO3 ]

(M)

(M)

1.3 X 10
9.2 X 10
9.2 X 10
3.7 X 10
1.2 X 10
3.8 X 10
1.2 X 10
3.8 X 10
1.2 X 10
3.8 X 10

-8

-8

-8

-7

-6

-6

-5

-5

-4

-4

5.9 X 10

-12

2.8 X 10
2.8 X 10
4.4 X 10
4.7 X 10
4.7 X 10
4.7 X 10
4.7 X 10
4.7 X 10
4.7 X 10

-11

-11

-11

-11

-11

-11

-11

-11

-11

Figure A.2. illustrates the contribution of the pressurized water SC spectrum to the
CO2 SC spectrum. This pressurized water SC spectrum was obtained by collecting the
Raman spectrum of pure water and water that is pressurized using N2. The pure water is
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used as the solvent, while the N2 pressurized water is used as the mixture. Thus the SC
spectrum output by SMCR only contains water molecules that are different from pure water
due to pressure. The inset of Figure A.2. implies that there is little difference between water
pressurized to ~1 MPa and water at ambient pressures.

Figure A.2. SC spectrum for aqueous CO2 at 20°C (solid blue), along with the temperature
dependence of pressurized water (~1 MPa) SC spectrum (dashed). The inset shows the
pressurized water contribution to the CO2 SC spectrum. In all cases it is less than 10%,
while most are less than 5%.

Table A.2 includes the free energies, as well as the enthalpic and entropic
contributions to the free energy for the dangling OH bonds in various solutes in water.
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Table A.2. The enthalpy, entropy, and free energy associated with the dangling OH bond
for various solutes in water.
Solute

ΔH (kJ/mol)

-TΔS @ 293K (kJ/mol)

ΔG (kJ/mol)

Petanoate

11 ± 2

-6 ± 2

6 ± 0.5

Butanoic Acid

12 ± 2

-6 ± 2

7 ± 0.5

Butanoate

15 ± 2

-8 ± 2

7 ± 0.5

Trimethyl Acetic Acid

16 ± 2

-10 ± 2

7 ± 0.5

Trimethyl Acetate

14 ± 2

-9 ± 2

5 ± 0.2

CO2

11 ± 2

-6 ± 2

5 ± 0.2

Ethanol-d5

17 ± 3

-7 ± 2

10 ± 0.5

Diethyl Ether-d10

19 ± 4

-10 ±4

8±2

The slopes from the lines in Figure A.3 were used to normalize the CO2, ethanol,
and diethyl ether SC spectra to the same concentration for a better comparison of the
hydration shells.

119

Figure A.3. Plot of As/AOH (ratio of solute band area, either CD or CO, to water OH band
area) vs. concentration for diethyl ether-d10 (blue), ethanol-d5 (black), and CO2 (red). The
slopes of these lines can be used to scale the different SC spectra to the same solute
concentration.

Figure A.4 shows the non-H-bonded peaks for CO2, ethanol, and benzene,
normalized to the same solute concentration.
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Figure A.4. The π-hydrogen bond peak of benzene (black) and the dangling OH peak of
CO2 (red) and ethanol (blue), normalized to the same solute concentration.

Figure A.5 shows the relationship between the equilibrium constant for the
formation of the dangling OH bond, Keq, and the average number of dangling OH bonds
per molecule, <k>. This relationship is determined using finite lattice statistics.1 The curve
assuming no interaction energy (βε2 = 0) is used to calculate Keq from <k> (which can be
obtained from our SC spectra). The curves with interaction energies of ±0.5 are used to
determine the possible error in Keq for our assumption of no interaction energy.
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Figure A.5. A plot of the equilibrium constant for forming a dangling OH bond, Keq, vs.
the average number of dangling OH bonds per molecule, <k>. The relationship is calculated
using finite lattice statistics1 for a lattice with 8 sites (n = 8), 3 nearest neighbors (c =3),
and an interaction energies of 0, 0.5, and -0.5 (βε2 = 0, ±0.5).

Figure A.6 contains the temperature dependent SC spectra for 1,8-octanediol in
which no water structural transformation is not observed.
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Figure A.6. Temperature dependent SC spectra for 1,8-octanediol. The water structural
transformation is not observed to take place.

Figure A.7 contains a plot of H2 stretching area vs. pressure in THF, with the
pressure dependence of the H2 stretching band in the inset.

123

Figure A.7. The H2 stretching area vs. pressure in tetrahydrofuran (THF). The inset shows
the pressure dependence of the H2 stretching band.
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Appendix B: Igor Procedure Codes

B.1. Carbonated Water Equilibrium Species
Function CO2_equilibrium(P_CO2)
WAVE P_CO2 // partial pressure of CO2 above solution
variable Temp=25 // Temperature of the solution
variable K_W=1e-14 // M^2; product of [H+] and [OH-]
variable K_d=0.0336 // M/atm; equilibrium constant for CO2(gas) <-> CO2(aq)
variable K_H=1.7e-3 // equilibrium constant for CO2(aq) <-> H2CO3(aq)
variable K_a1=2.5e-4 // M; equilibrium constant for dissociation for H2CO3(aq)
variable K_a2= 4.69e-11 // M; equilibrium constant for dissociation for HCO3-(aq)
make/O/N=(dimsize(P_CO2,0)) H,pH,CO2,H2CO3,HCO3,CO3
Dowindow CO2_Concentration_Table // check if the window exists, if not
create it
if(V_flag==1)
killwindow CO2_Concentration_Table
endif
Edit/N=CO2_Concentration_Table/W=(5.25,41.75,347.25,275)
P_CO2,H,pH,CO2,H2CO3,HCO3,CO3
H= sqrt(K_W+(P_CO2*K_d*K_H*K_a1))
pH=-log(H)
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CO3=(P_CO2*K_d*K_H*K_a1*K_a2)/((H)^2)
HCO3=(P_CO2*K_d*K_H*K_a1)/(H)
H2CO3=K_H*K_d*P_CO2
CO2=K_d*P_CO2
ModifyTable format(Point)=1,width(CO3)=83

End

B.2. Binding Curves for Dimerization: Fraction of Bound Carboxylate
Function BindingCurveDimer(K,Ai,Mi)
variable K //equilibrium constant
wave Ai //initial concentration of binding component 1
wave Mi //initial concentration of binding component 2
Make/O/N=(dimsize(Ai,0),0) AMe //output wave of complex concentration as a function
of initial concentrations
//components 1 and 2.
Make/O/N=(dimsize(Ai,0),0) AMe_frac //output wave of the fraction of complex
concentration as a function of initial concentrations
//components 1 and 2.
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AMe=(((K*Ai)+(K*Mi)+1)-sqrt(((K*Ai)+(K*Mi)+1)^2-(4*K^2*Ai*Mi)))/(2*K)
//quadratic eqution
Ame_frac=AMe/Ai
Dowindow BindingCurve // check if the window exists, if not create it
if(V_flag==1)
killwindow BindingCurve
endif
display /N=BindingCurve AMe_frac vs Ai
ModifyGraph mode=4,marker=19
ModifyGraph fsize=14
ModifyGraph tick=2
ModifyGraph mirror=2
ModifyGraph minor(bottom)=1
ModifyGraph minor(left)=1
Label left "[AM\S+\M]\Be\M/[A\S-\M]\Binit\M"
Label bottom "[A\S-\M]\Binit\M (M)"
ModifyGraph lsize=1,rgb=(0,0,0)

End
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B.3. Binding Curves for Dimerization: Carboxylate CO Frequency Shifts
Function BindingCurveDimerFrequency(K,Ai,Mi,U_freq,B_freq)
variable K //equilibrium constant
variable U_freq //unbound frequency
variable B_freq //bound frequency shift from unbound frequency
wave Ai //initial concentration of binding component 1
wave Mi //initial concentration of binding component 2
Make/O/N=(dimsize(Ai,0),0) AMe //output wave of complex concentration as a function
of initial concentrations
//components 1 and 2.
Make/O/N=(dimsize(Ai,0),0) AMe_frac //output wave of the fraction of complex
concentration as a function of initial concentrations
//components 1 and 2.
Make/O/N=(dimsize(Ai,0),0) CO_freq //output wave of CO frequency as a function of
initial concentrations
//components 1 and 2.
Make/O/N=(dimsize(Ai,0),0) CO_freq_shift //output wave of CO frequency shift as a
function of initial concentrations
//components 1 and 2.
AMe=(((K*Ai)+(K*Mi)+1)-sqrt(((K*Ai)+(K*Mi)+1)^2-(4*K^2*Ai*Mi)))/(2*K)
//quadratic eqution
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Ame_frac=AMe/Ai
CO_freq_shift=(AMe_frac*(B_freq-U_freq))
CO_freq=CO_freq_shift+U_freq
Dowindow BindingCurve // check if the window exists, if not create it
if(V_flag==1)
killwindow BindingCurve
endif
display /N=BindingCurve CO_freq vs Ai
ModifyGraph mode=4,marker=19
ModifyGraph fsize=14
ModifyGraph tick=2
ModifyGraph mirror=2
ModifyGraph minor(bottom)=1
ModifyGraph minor(left)=1
Label left "CO\\Bfreq\\M (cm\\S-1\\M)"
Label bottom "[A\S-\M]\Binit\M (M)"
ModifyGraph lsize=1,rgb=(0,0,0)
return AMe

End

129
B.4. Spectral Dilution
Function MakeInputMatrix(ncolumns) //generate the input matrix for waves to be
spectrally diluted
variable ncolumns
Make/O/N=(1340,ncolumns)/D InputMatrix=nan
Dowindow InputMatrix_table
if(V_flag==1)
killwindow InputMatrix_table
endif
Edit/N=InputMatrix_table InputMatrix

End

Function AdjustSpectralConcentration(ratio) //adjust the spectral concentration
variable ratio
Wave InputMatrix
variable i,j

//Make/O/N=(1340,ncolumns)/D InputMatrix=InputMatrix
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Make/O/N=(1340,dimsize(InputMatrix,1)-dimsize(InputMatrix,1)/2)/D
AdjustedMatrix=nan
Dowindow AdjustedMatrix_table
if(V_flag==1)
killwindow AdjustedMatrix_table
endif
Edit/N=AdjustedMatrix_table AdjustedMatrix

i=0
j=i+dimsize(InputMatrix,1)/2
do
matrixop/O temp=col(InputMatrix,j)
matrixop/O temp2=col(InputMatrix,i)
AdjustedMatrix[][i]=ratio*temp[x][j]+(1-ratio)*temp2[x][i]
i+=1

while (i<(dimsize(InputMatrix,1)/2))

End
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ABSTRACT:	
   The	
   hydration-‐shell	
   of	
   CO2	
   is	
   characterized	
   using	
   Raman	
   multivariate	
   curve	
   resolution	
  
(Raman-‐MCR)	
   spectroscopy	
   combined	
   with	
   ab	
   initio	
   molecular	
   dynamics	
   (AIMD)	
   vibrational	
   density	
   of	
  
states	
   simulations.	
   Our	
   results	
   reveal	
   that	
   while	
  the	
  hydration-‐shell	
  of	
  CO2	
  is	
  highly	
   tetrahedral,	
  it	
  is	
  also	
  
occasionally	
  disrupted	
  by	
  the	
  presence	
  of	
  entropically	
  stabilized	
  defects	
  associated	
  with	
  the	
  formation	
  
of	
  an	
  exceptionally	
  weak	
  hydrogen	
  bond	
  between	
  water	
  and	
  CO2.	
  Moreover,	
  we	
  find	
  that	
  the	
  hydration-‐
shell	
   of	
   CO2	
   undergoes	
   a	
   remarkable	
   temperature	
   dependent	
   structural	
   transformation	
   to	
   a	
   highly	
  
disordered	
   (less	
   tetrahedral)	
   structure,	
   reminiscent	
   of	
   the	
   transformation	
   that	
   takes	
   place	
   at	
   higher	
  
temperatures	
  around	
  much	
  larger	
  oily	
  molecules.	
  The	
  biological	
  significance	
  of	
  the	
  CO2	
  hydration	
  shell	
  
structural	
  transformation	
  is	
  suggested	
  by	
  the	
  fact	
  that	
  it	
  begins	
  near	
  physiological	
  temperatures.	
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MAIN	
   TEXT:	
   Although	
   much	
   of	
   the	
   carbon	
   dioxide	
   (CO2)	
   on	
   Earth	
   is	
   sequestered	
   in	
   its	
   oceans	
   and	
  
H2O/CO2	
  is	
  widely	
  used	
  as	
  a	
  green	
  organic	
  synthesis	
  medium,(1)	
  remarkably	
  little	
  is	
  known	
  regarding	
  the	
  
structure	
   of	
   the	
   hydration-‐shell	
   surrounding	
   CO2	
   dissolved	
   in	
   water.	
   Carbonated	
   water	
   contains	
  
predominantly	
   molecular	
   CO2,	
   as	
   less	
   than	
   0.3%	
   of	
   the	
   dissolved	
   CO2	
   is	
   converted	
   to	
   carbonic	
   acid	
  
!!
(H! CO! ),	
   bicarbonate	
   (HCO!
! ),	
   and	
   carbonate	
   (CO! )	
   under	
   ambient	
   conditions	
   (see	
   supplementary	
  

materials,	
   SM)	
   (2–4).	
   Previous	
   Raman	
   (5)	
   and	
   infrared	
   (6)	
   vibrational	
   spectroscopic	
   measurements	
  
implied	
  that	
  CO2	
  interacts	
  weakly	
  with	
  water,	
  as	
  the	
  symmetric	
  and	
  asymmetric	
  stretch	
  vibrations	
  of	
  CO2	
  
in	
  water	
  are	
  close	
  to	
  those	
  in	
  the	
  gas	
  phase	
  (see	
  SM).	
  Previous	
  quantum	
  (7–11),	
  classical	
  (12,	
  13)	
  	
  and	
  
QM/MM	
  (14)	
  calculations	
  predicted	
  that	
  CO2	
  has	
  little	
  propensity	
  to	
  accept	
  a	
  hydrogen-‐bond	
  (H-‐bond)	
  
from	
   water	
   and	
   the	
   hydration-‐shell	
   of	
   CO2	
   is	
   reminiscent	
   of	
   that	
   around	
   small	
   hydrophobic	
   solutes.	
  
However,	
   none	
   of	
   these	
   predictions	
   have	
   been	
   experimentally	
   tested.	
   Here	
   we	
   do	
   so	
   by	
   probing	
   the	
  
hydration-‐shell	
  of	
  CO2	
  using	
  Raman	
  multivariate	
  curve	
  resolution	
  (Raman-‐MCR)	
  spectroscopy	
  (15–18)	
  as	
  
well	
   as	
   performing	
   the	
   first	
   ab	
   initio	
   molecular	
   dynamics	
   (AIMD)	
   simulations	
   of	
   the	
   hydration-‐shell	
  
vibrational	
   density	
   of	
   states	
   surrounding	
   CO2.	
   We	
   find	
   that	
   while	
   the	
   local	
   environments	
   of	
   the	
   water	
  
molecules	
  in	
  the	
  hydration-‐shell	
  of	
  CO2	
  appear	
  to	
  be	
  more	
  tetrahedrally	
  ordered	
  than	
  in	
  the	
  surrounding	
  
bulk	
  water	
  at	
  ambient	
  temperatures,	
  the	
  hydration	
  shell	
  also	
  contains	
  entropically	
  stabilized	
  structural	
  
defects	
   resembling	
   non-‐hydrogen	
   bonded	
   (dangling)	
   OH	
   groups,	
   indicative	
   of	
   the	
   formation	
   of	
  
exceptionally	
   weak	
   hydrogen	
   bonds	
   between	
   water	
   and	
   CO2.	
   We	
   further	
   find	
   that	
   the	
   hydration-‐shell	
   of	
  
CO2	
  is	
  remarkably	
  fragile,	
  as	
  it	
  undergoes	
  a	
  striking	
  temperature-‐dependent	
  structural	
  transformation,	
  
reminiscent	
  of	
  that	
  which	
  occurs	
  at	
  higher	
  temperatures	
  around	
  larger	
  oily	
  molecules	
  dissolved	
  in	
  water	
  
(16,	
  17).	
  	
  
	
  

Figure	
  1A	
  shows	
  the	
  Raman	
  spectrum	
  of	
  pure	
  water	
  (dashed	
  blue),	
  along	
  with	
  the	
  Raman-‐MCR	
  

solute-‐correlated	
   (SC)	
   spectra	
   of	
   aqueous	
   CO2	
   (blue)	
   and	
   ethanol	
   (gray),	
   all	
   obtained	
   at	
   20°C,	
   and	
   scaled	
  
to	
   the	
   same	
   solute	
   concentration.	
   Note	
   that	
  SC	
   spectra	
   contain	
   features	
   arising	
   from	
   the	
   solute	
   itself	
   as	
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well	
   as	
   hydration-‐shell	
   water	
   molecules	
   whose	
   vibration	
   spectrum	
   is	
   perturbed	
   by	
   the	
   solute	
   (15–18).	
  	
  
The	
  hydration-‐shell	
  OH	
  stretch	
  bands	
  in	
  Figure	
  1A	
  (extending	
  from	
  ~2900	
  cm-‐1	
  to	
  ~3800	
  cm-‐1)	
  reveal	
  that	
  	
  
local	
   organization	
   of	
   the	
   water	
   molecules	
   surrounding	
   CO2	
   and	
   ethanol	
   is	
   quite	
   different	
   than	
   that	
   of	
  
pure	
  water.	
  The	
  hydration-‐shell	
  spectra	
  of	
  CO2	
  and	
  ethanol	
  both	
  contain	
  a	
  low	
  frequency	
  OH	
  sub-‐band	
  
peaked	
   near	
   3200	
   cm-‐1,	
   which	
   is	
   more	
   pronounced	
   than	
   in	
   pure	
   water,	
   indicating	
   that	
   the	
   hydration	
  
shells	
   of	
   these	
   two	
   solutes	
   are	
   presumably	
   more	
   tetrahedrally	
   ordered	
   than	
   pure	
   water	
   (16),	
   as	
  
supported	
  by	
  the	
  fact	
  that	
  both	
  ice	
  (19)	
  and	
  clathrate	
  hydrates	
  (20)	
  also	
  have	
  a	
  strongly	
  pronounced	
  OH	
  
sub-‐band	
   peaked	
   at	
   ~3200	
   cm-‐1.	
   The	
   hydration-‐shells	
   of	
   CO2	
   and	
   ethanol	
   also	
   both	
   contain	
   relatively	
  
sharp	
   high	
   frequency	
   OH	
   peaks	
   with	
   maxima	
   at	
   3654	
   ±	
   1	
   cm-‐1	
   and	
   3667	
   ±	
   2	
   cm-‐1,	
   respectively.	
   These	
  
bands	
   are	
   similar	
   to	
   those	
   in	
   the	
   hydration-‐shells	
   of	
   other	
   aqueous	
   alcohol	
   solutions	
   (15,	
   21),	
   	
   and	
   at	
  
macroscopic	
  air-‐water	
  and	
  oil-‐water	
  interfaces	
  (22,	
  23).	
  The	
  assignment	
  of	
  the	
  high	
  frequency	
  OH	
  peak	
  
to	
  a	
  dangling	
  OH	
  like	
  structure	
  is	
  further	
  confirmed	
  by	
  simulations	
  of	
  neopentane	
  in	
  water,	
  which	
  reveal	
  
that	
  such	
  high	
  frequency	
  OH	
  groups	
  point	
  primarily	
  towards	
  neopentane	
  (24).	
  	
  The	
  high	
  frequency	
  OH	
  
band	
   in	
   the	
   hydration	
   shell	
   of	
   CO2	
   is	
   both	
   slightly	
   red-‐shifted	
   and	
   significantly	
   more	
   intense	
   than	
   the	
  
dangling	
   OH	
   band	
   in	
   the	
   hydration	
   shell	
   of	
   ethanol,	
   and	
   thus	
   is	
   somewhat	
   reminiscent	
   an	
   OH	
   band	
  
associated	
  with	
  the	
  formation	
  of	
  pi-‐H-‐bond	
  between	
  water	
  and	
  benzene	
  (18),	
  although	
  the	
  latter	
  band	
  
has	
   a	
   significantly	
   lower	
   frequency,	
   ~3610	
   cm-‐1,	
   and	
   is	
   about	
   3	
   times	
   more	
   intense	
   than	
   that	
   in	
   the	
  
hydration-‐shell	
   of	
   CO2	
   (see	
   SM).	
   	
   Both	
   the	
   frequency	
   and	
   intensity	
   of	
   the	
   high	
   frequency	
   OH	
   stretch	
  
band	
   around	
   CO2	
   suggest	
   that	
   it	
   arises	
   from	
   water	
   OH	
   groups	
   that	
   interact	
   very	
   weakly	
   with	
   CO2,	
   as	
  
quantitatively	
  confirmed	
  using	
  the	
  thermodynamic	
  analysis	
  described	
  below	
  (whose	
  results	
  are	
  shown	
  
in	
  Figure	
  2).	
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Figure	
  1.	
  Raman-‐MCR	
  and	
  AIMD	
  pure	
  water	
  and	
  solute-‐correlated	
  (SC)	
  spectra	
  in	
  H2O	
  and	
  D2O.	
  (A)	
  Comparison	
  of	
  the	
  hydration	
  
shell	
   spectrum	
   of	
   CO2	
   (blue)	
   with	
   the	
   hydration	
   shell	
   spectrum	
   of	
   ethanol-‐d5	
   (gray).	
   Bulk	
   water	
   (dashed	
   blue)	
   is	
   shown	
   for	
  
reference.	
  The	
  inset	
  panel	
  in	
  (A)	
  shows	
  predictions	
  obtained	
  using	
  AIMD,	
  including	
  the	
  vibrational	
  band	
  of	
  pure	
  water	
  and	
  the	
  
hydration-‐shell	
  of	
  CO2	
  obtained	
  using	
  the	
  same	
  MCR	
  used	
  to	
  obtain	
  the	
  corresponding	
  experimental	
  SC	
  spectra.	
  (B)	
  Comparison	
  
of	
  experimental	
  and	
  AIMD	
  SC	
  spectra	
  for	
  CO2	
  dissolved	
  in	
  in	
  D2O.	
  (C)-‐(E)	
  Temperature	
  dependent	
  SC	
  spectra	
  of	
  aqueous	
  ethanol	
  
(C)	
  and	
  carbon	
  dioxide	
  in	
  H2O	
  (D)	
  and	
  D2O	
  (E),	
  revealing	
  the	
  temperature-‐dependent	
  structural	
  transformation	
  in	
  the	
  hydration-‐
shell	
  of	
  CO2.	
  

	
  

To	
   further	
   elucidate	
   the	
   nature	
   of	
   the	
   high	
   frequency	
   OH	
   structure,	
   we	
   have	
   obtained	
   AIMD	
  

predictions	
  of	
  the	
  vibrational	
  density	
  of	
  states	
  of	
  the	
  water	
  molecules	
  surrounding	
  CO2	
  in	
  both	
  H2O	
  and	
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D2O.	
  Our	
  AIMD	
  simulations	
  of	
  pure	
  water	
  were	
  performed	
  with	
  either	
  112	
  H2O	
  or	
  255	
  D2O	
  molecules	
  (at	
  
the	
  ambient	
  liquid	
  density),	
  and	
  the	
  equilibrated	
  CO2	
  solution	
  results	
  were	
  obtained	
  after	
  replacing	
  one	
  
H2O	
   (or	
   D2O)	
   molecule	
   by	
   CO2	
   (see	
   SM	
   for	
   further	
   details).	
   Although	
   our	
   vibrational	
   density	
   of	
   states	
  
predictions	
   are	
   not	
   Raman-‐weighted,	
   they	
   qualitatively	
   resemble	
   the	
   corresponding	
   experimental	
  
Raman	
  spectra	
  (see	
  Figure	
  1A	
  and	
  1B),	
  as	
  expected,	
  since	
  the	
  Raman	
  cross-‐section	
  of	
  a	
  water	
  OH	
  stretch	
  
is	
   not	
   strongly	
   dependent	
   on	
   H-‐bond	
   strength	
   (25).	
   Note	
   that	
   theoretically	
   reproducing	
   the	
  
experimental	
  Raman	
  and	
  infrared	
  vibrational	
  spectra	
  of	
  liquid	
  water	
  remains	
  an	
  outstanding	
  challenge	
  
(26,	
  27).	
  Nevertheless,	
  our	
  AIMD	
  vibrational	
  density	
  of	
  state	
  predictions	
  clearly	
  reveal	
  the	
  formation	
  of	
  a	
  
high	
   frequency	
   OH	
   feature	
   arising	
   from	
   the	
   hydration-‐shell	
   of	
   CO2,	
   as	
   shown	
   in	
   the	
   inset	
   panels	
   of	
  
Figures	
   1A	
   (in	
   H2O)	
   and	
   1B	
   (in	
   D2O).	
   Both	
   the	
   experimental	
   and	
   AIMD	
   hydration-‐shell	
   spectra	
   were	
  
obtained	
   using	
  exactly	
  the	
  same	
  MCR	
  procedure	
  to	
  extract	
  the	
  SC	
  spectrum	
  of	
  CO2	
   from	
  spectra	
  of	
  pure	
  
water	
  and	
  CO2	
  in	
  water,	
  which	
  as	
  far	
  as	
  we	
  are	
  aware	
  has	
  not	
  been	
  attempted	
  earlier	
  in	
  the	
  literature	
  	
  
Moreover,	
  our	
  AIMD	
  results	
  confirm	
  that	
  it	
  is	
  the	
  water	
  molecules	
  whose	
  hydrogen	
  atoms	
  are	
  within	
  2.5	
  
Å	
  of	
  the	
  oxygen	
  atoms	
  of	
  CO2	
  that	
  produce	
  the	
  narrow	
  high-‐frequency	
  OH	
  vibrational	
  band,	
  peaked	
  at	
  
3647± 2	
   cm-‐1	
   in	
   the	
   simulations	
   (see	
   SM),	
   thus	
   supporting	
   our	
   assignment	
   of	
   the	
   experimental	
   high	
  
frequency	
  (at	
  3654± 1	
  cm-‐1)	
  OH	
  peak	
  to	
  water	
  molecules	
  that	
  are	
  H-‐bonded	
  to	
  CO2.	
  
	
  

Our	
   temperature	
   dependent	
   measurements	
   reveal	
   that	
   the	
   hydration-‐shell	
   of	
   CO2	
   is	
   quite	
  

different	
   from	
   that	
   around	
   ethanol,	
   as	
   it	
   undergoes	
   a	
   striking	
   temperature	
   dependent	
   structural	
  
transformation	
   from	
   a	
   highly	
   tetrahedral	
   to	
   a	
   highly	
   disordered	
   structure	
   (as	
   shown	
   in	
   Figures	
   1C-‐1E,	
  
and	
  further	
  discussed	
  below).	
  Before	
  discussing	
  this	
  high	
  temperature	
  transformation,	
  we	
  first	
  describe	
  
how	
   we	
   have	
   used	
   temperature	
   dependent	
   measurements	
   (between	
   00C	
   and	
   400C)	
   to	
   quantify	
   the	
  
enthalpic	
  and	
  entropic	
  contributions	
  to	
  the	
  free	
  energy	
  of	
  forming	
  the	
  high	
  frequency	
  OH	
  structure	
  in	
  
the	
  hydration	
  shell	
  of	
  CO2	
  (15).	
  More	
  specifically,	
  we	
  consider	
  the	
  equilibrium	
  between	
  hydration	
  shells	
  
with	
  and	
  without	
  this	
  high	
  frequency	
  feature,	
  as	
  illustrated	
  schematically	
  in	
  Figure	
  2A.	
  The	
  areas	
  of	
  the	
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high	
  frequency	
  OH	
  peak	
  shown	
  in	
  Figure	
  2B	
  are	
  used	
  to	
  obtain	
  the	
  probability	
  that	
  the	
  hydration-‐shell	
  of	
  
CO2	
  will	
  contain	
  such	
  a	
  high	
  frequency	
  structure,	
  as	
  previously	
  described	
  (15).	
  Briefly,	
  the	
  observed	
  area	
  
is	
   converted	
   to	
   an	
   average	
   number,	
   <k>,	
   of	
   high	
   frequency	
   OH	
   structures	
   per	
   CO2	
   hydration-‐shell,	
   as	
  
follows,	
  	
  
𝑘 =

Ω!
Ω!"

𝐼!"
	
  
𝐼!

where	
  ΩS/ΩOH	
  is	
  the	
  Raman	
  cross-‐section	
  ratio	
  of	
  the	
  solute	
  CO	
  (for	
  CO2)	
  or	
  CD	
  (for	
  ethanol-‐d5)	
  stretch	
  
bands	
   to	
   the	
   water	
   OH	
   band	
   of	
   pure	
   water	
   (see	
   SM),	
   and	
   IOH/IS	
   is	
   the	
   measured	
   ratio	
   of	
   the	
   high	
  
frequency	
  OH	
  band	
  area	
  to	
  the	
  solute	
  CO	
  or	
  CD	
  area	
  in	
  the	
  corresponding	
  SC	
  spectrum.	
  A	
  finite	
  lattice	
  
statistical	
  analysis	
  (28)	
  is	
  used	
  to	
  convert	
  <k>	
  to	
  the	
  equilibrium	
  constant,	
  K,	
  for	
  the	
  process	
  illustrated	
  in	
  
Figure	
  2A,	
  as	
  previously	
  described	
  (15).	
  In	
  essence,	
  this	
  analysis	
  confirms	
  that	
  K	
  ~	
  <k>	
  whenever	
  <k>	
  <<	
  
1,	
  as	
  is	
  invariably	
  the	
  case	
  under	
  our	
  experimental	
  conditions	
  (see	
  SM)	
  (15).	
  

Δ𝐺 = −𝑅𝑇𝑙𝑛 𝐾                                 Δ𝐻 =

𝜕
𝜕

!!
!
!
!

                              Δ𝑆 = −

𝜕Δ𝐺
  
𝜕𝑇

!

	
  

!

ΔG	
  is	
  the	
  Gibbs	
  energy	
  for	
  the	
  process	
  illustrated	
  in	
  Figure	
  2A,	
  T	
  is	
  the	
  absolute	
  temperature,	
  and	
  R	
  is	
  	
  
the	
  gas	
  constant.	
  Thus,	
  the	
  enthalpy,	
  ΔH,	
  and	
  entropy,	
  ΔS,	
  are	
  obtained	
  as	
  shown	
  in	
  Figures	
  2C	
  and	
  2D.	
  	
  
	
  

The	
   positive	
   slopes	
   of	
   all	
   the	
   lines	
   in	
   Figure	
   2C	
   indicate	
   that	
   the	
   formation	
   of	
   the	
   high	
   frequency	
  

OH	
  structures	
  is	
  invariably	
  endothermic.	
  However,	
  the	
  smaller	
   ΔH	
  for	
  CO2	
  than	
  ethanol	
  implies	
  that	
  the	
  
high	
   frequency	
   OH	
   structure	
   in	
   the	
   hydration-‐shell	
   of	
   CO2	
   has	
   is	
   lower	
   in	
   enthalpy	
   by	
   ~5±1	
   kJ/mol,	
  
consistent	
  with	
  the	
  formation	
  of	
  an	
  exceptionally	
  weak	
  H-‐bond	
  between	
  CO2	
  and	
  water.	
  However,	
  the	
  
fact	
  that	
  K	
  ~	
  <k>	
  ~	
  0.13	
  at	
  200C	
  indicates	
  that	
  most	
  of	
  the	
  CO2	
  hydration-‐shells	
  contain	
  no	
  such	
  H-‐bond	
  
between	
  water	
  and	
  CO2.	
  	
  Moreover,	
  our	
  observation	
  that	
  -‐TΔS	
  ≈	
  -‐7±3	
  kJ/mol	
  for	
  both	
  solutes	
  indicates	
  
that	
   the	
   high	
   frequency	
   OH	
   structures	
   around	
   these	
   two	
   solutes	
   are	
   both	
   entropically	
   stabilized	
   to	
  
approximately	
   the	
   same	
   degree.	
   	
   Thus,	
   the	
   formation	
   of	
   a	
   high	
   frequency	
   OH	
   structure	
   invariably	
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increases	
   in	
   the	
   conformation	
   flexibility	
   of	
   the	
   hydration	
   shell,	
   relieving	
   the	
   rigidity	
   inherent	
   in	
   the	
  
otherwise	
   highly	
   tetrahedral	
   structure.	
   	
   	
   These	
   findings	
   are	
   generally	
   consistent	
   with	
   prior	
   simulations	
  
which	
   predicted	
   the	
   formation	
   of	
   a	
   weak	
   H-‐bond	
   to	
   CO2,	
   with	
   predicted	
   probabilities	
   of	
   0.06	
   ≤	
   <k>	
   ≤	
   0.6	
  
(8,	
  9,	
  12–14),	
  which	
  span	
  our	
  experimental	
  and	
  AIMD	
  values	
  of	
  ~0.13	
  and	
  ~0.31,	
  respectively,	
  obtained	
  
in	
  a	
  similar	
  manner	
  from	
  the	
  areas	
  of	
  the	
  high	
  frequency	
  OH	
  peaks	
  shown	
  in	
  Figure	
  1A.	
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Figure	
  2.	
  Thermodynamics	
  of	
  formation	
  of	
  the	
  high	
  frequency	
  OH	
  structure.	
  (A)	
  Schematic	
  illustration	
  of	
  the	
  CO2	
  hydration	
  shell	
  
equilibrium	
  hydration-‐shell	
  structures	
  with	
  (right)	
  and	
  without	
  (left)	
  a	
  high	
  frequency	
  OH	
  defect.	
  (B)	
  Temperature	
  dependence	
  
of	
  the	
  high	
  frequency	
  OH	
  band	
  in	
  the	
  hydration	
  shell	
  of	
  CO2	
  (normalized	
  to	
  the	
  CO2	
  stretch	
  band	
  area),	
  after	
  subtracting	
  the	
  
baseline	
  arising	
  from	
  the	
  tail	
  of	
  the	
  lower	
  frequency	
  H-‐bonded	
  OH	
  bands	
  (as	
  further	
  described	
  in	
  the	
  SM).	
  The	
  slopes	
  of	
  the	
  
0

best	
  fit	
  lines	
  in	
  (C)	
  and	
  (D)	
  are	
  used	
  to	
  obtain	
  reported	
  values	
  of	
  ∆𝑯	
  and	
  −𝑻∆𝑺	
  (at	
  20 C).	
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The	
  temperature	
  dependent	
  experimental	
  results	
  shown	
  in	
  Figures	
  1C,	
  1D,	
  and	
  1E	
  further	
  reveal	
  

that	
   a	
   remarkable	
   structural	
   transformation	
   takes	
   place	
   in	
   the	
   hydration-‐shell	
   of	
   CO2	
   at	
   slightly	
   elevated	
  
temperatures,	
   while	
   no	
   such	
   transformation	
   takes	
   place	
   in	
   the	
   hydration-‐shell	
   of	
   ethanol.	
   More	
  
specifically,	
   the	
   temperature	
   dependence	
   of	
   the	
   hydration-‐shell	
   spectrum	
   of	
   ethanol	
   (Figure	
   1C)	
   is	
  
consistent	
   with	
   a	
   gradual	
   decrease	
   in	
   tetrahedral	
   order,	
   such	
   that	
   by	
   1000C	
   there	
   is	
   little	
   excess	
  
tetrahedral	
  order	
  in	
  the	
  hydration-‐shell,	
  relative	
  to	
  that	
  in	
  the	
  surrounding	
  bulk	
  water.	
  In	
  contrast,	
  the	
  
excess	
   tetrahedral	
   order	
   in	
   the	
   hydration	
   shell	
   of	
   CO2	
   disappears	
   more	
   rapidly	
   with	
   increasing	
  
temperature	
   and	
   then,	
   above	
   ~400C,	
   is	
   replaced	
   by	
   a	
   dramatically	
   different	
   structure	
   with	
   little	
  
tetrahedral	
   order	
   and	
   a	
   high	
   population	
   of	
   weakly	
   H-‐bonded	
   (higher	
   frequency)	
   OH	
   groups.	
   It	
   is	
   also	
  
noteworthy	
   that	
   the	
   hydration-‐shell	
   transformation	
   around	
   CO2	
   in	
   D2O	
   (Figure	
   1E)	
   occurs	
   at	
   slightly	
  
higher	
   temperatures,	
   consistent	
   with	
   the	
   stronger	
   H-‐bonds	
   in	
   D2O	
   compared	
   to	
   H2O	
   (29).	
   	
   Previous	
  
Raman-‐MCR	
   experiments	
   have	
   found	
   that	
   a	
   similar	
   structure	
   transformation	
   takes	
   place	
   in	
   the	
  
hydration-‐shells	
   of	
   aqueous	
   n-‐alcohols	
   longer	
   than	
   n-‐propanol.	
   More	
   specifically,	
   the	
   latter	
   hydration-‐
shell	
  spectral	
  transformation	
  begins	
  to	
  occur	
  around	
  n-‐butanol	
  (at	
  temperatures	
  near	
  1000C)	
  (16),	
  	
  while	
  
the	
   more	
   dramatic	
   transformation	
   taking	
   place	
   around	
   CO2	
   is	
   similar	
   to	
   that	
   which	
   takes	
   place	
   in	
   the	
  
hydration-‐shell	
   of	
   n-‐hexanol	
   (16),	
   Such	
   a	
   size	
   and	
   temperature	
   dependent	
   water	
   structural	
  
transformation	
   is	
   qualitatively	
   consistent	
   with	
   hydrophobic	
   crossover	
   predictions	
   with	
   a	
   critical	
   length	
  
scale	
  of	
  ~1	
  nm	
  (30–33).	
  
	
  

The	
   transformation	
   that	
   we	
   have	
   observed	
   in	
   the	
   hydration-‐shell	
   of	
   CO2	
   does	
   not	
   seem	
   to	
   be	
  

consistent	
  with	
  crossover	
  predictions,	
  as	
  the	
  size	
  of	
  CO2	
  is	
  much	
  smaller	
  than	
  1	
  nm	
  (its	
  effective	
  hard-‐
sphere	
   diameter	
   is	
   ~0.36	
   nm)	
   (34).	
   However,	
   our	
   observations	
   that	
   the	
   hydration-‐shell	
   of	
   CO2	
   has	
   a	
  
larger	
  population	
  of	
  broken	
  water-‐water	
  H-‐bonds	
  (high	
  frequency	
  OH	
  structures)	
  than	
  the	
  comparably	
  
sized	
   CH3CH2-‐	
   tail	
   of	
   ethanol	
   suggests	
   that	
   the	
   weak	
   hydrogen	
   bond	
   between	
   water	
   and	
   CO2	
   facilitate	
  
the	
  onset	
  of	
  the	
  observed	
  transformation	
  from	
  highly	
  tetrahedral	
  to	
  a	
  highly	
  disordered	
  hydation-‐shell	
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structure.	
   The	
   fact	
   that	
   this	
   transformation	
   occurs	
   near	
   physiological	
   temperatures	
   implies	
   that	
   the	
  
biological	
  production	
  of	
  CO2	
  by	
  animals,	
  and	
  its	
  uptake	
  by	
  plants,	
  is	
  likely	
  to	
  be	
  influenced	
  by	
  the	
  fragility	
  
of	
  the	
  hydration-‐shell	
  of	
  CO2.	
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ABSTRACT: Raman multivariate curve resolution (Raman-MCR), as well as quantum
and classical calculations, are used to probe water structural changes in the hydration
shells of carboxylic acids and tetraalkyl ammonium ions with various aliphatic chain
lengths. The results reveal that water molecules in the hydration shell around the
hydrophobic chains undergo a temperature and chain length dependent structural
transformation resembling that previously observed in aqueous solutions of n-alcohols.
Deprotonation of the carboxylic acid headgroup (at pH ∼ 7) is found to suppress the
onset of the hydration-shell structural transformation around the nearest aliphatic
methylene group. Tetraalkyl ammonium cations are found to more strongly suppress the
water structural transformation, perhaps reﬂecting the greater intramolecular charge
delocalization and suppression of dangling OH defects in water’s tetrahedral H-bond
network. The observed coupling between ionic and hydrophobic groups, as well as the
associated charge asymmetry, may inﬂuence the hydrophobicity of proteins and other
materials.

I. INTRODUCTION
Interactions between hydrophilic and hydrophobic groups in
water, at both macroscopic interfaces1−8 and molecular
hydration shells,7−15 are of importance in many biochemical,
environmental, and industrial processes. Such interactions may
result from both direct charge delocalization and indirect watermediated mechanisms that shift the delicate balance of
electrostatic and dispersion (van der Waals) forces,10,11,14,16
and thus inﬂuence chemical processes ranging from ligand
binding and ion pairing,14 to the structure and dynamics of
aqueous interfaces.12,13 Here we describe experiments, as well
as quantum and classical calculations, designed to quantify the
length scale over which both neutral and charged hydrophilic
groups perturb the structure of water in the hydration shells of
neighboring aliphatic chains, in aqueous carboxylic acid and
tetraalkylammonium solutions.
Our experiments combine Raman spectroscopy with multivariate curve resolution (Raman-MCR)17−21 to probe changes
in hydrophobic hydration-shell structure. The present results
build on our recent use of Raman-MCR to discover a
temperature and chain length dependent water structural
transformation in the hydration shells of linear alcohols.18
More speciﬁcally, we found that water in hydrophobic
hydration shells diﬀers from bulk water both in the degree of
tetrahedral order18 and in the number of dangling (free) OH
defects.17 Most interestingly, Raman-MCR spectra produced
evidence of a temperature and chain length dependent water
structural transformation, reminiscent of other experimental22−24 and theoretical25−27 hydrophobic crossover phenomena, with a characteristic length scale of ∼1 nm. Here we extend
the above results by using Raman-MCR to probe the eﬀect of
© 2014 American Chemical Society

neighboring charged groups on hydrophobic hydration shell
structure and the water structural transformation.
The aqueous solutions that we investigate include solutes
composed of linear aliphatic chains of various lengths and
neighboring polar −OH or −COOH, anionic −COO−, or
cationic R4N+ groups. Our results suggest that neutral head
groups have less inﬂuence on hydrophobic hydration shell
structure than charged groups, and R4N+ groups stabilize
neighboring clathrate-like hydrophobic hydration shell structures more signiﬁcantly than −COO− groups.

II. METHODS
Formic acid (88%, Mallinckrodt), butanoic acid (99+%,
Aldrich), pentanoic acid (99+%, Aldrich), hexanoic acid
(99.5+%, Aldrich), sodium decanoate (98+%, Sigma), sodium
dodecanoate (99+%, Sigma), sodium butanoate (98%, Aldrich),
octanoic acid (98+%, Aldrich), sodium bromide (98.52%, J.T.
Baker), sodium formate (99+%, Sigma-Alrich), n-butanol (99+
%, Mallinckrodt), n-propanol (99+%, Mallinckrodt), tetrapropylammonium bromide (98%, Aldrich), tetrabutylammonium
bromide (99%, Sigma-Aldrich), tetrapentylammonium bromide
(99+%, Aldrich), and trimethyloctylammonium bromide (98+
%, Aldrich) were used without further puriﬁcation. Aqueous
solutions were prepared using ultrapuriﬁed water (Milli-Q UF
Plus, 18.2 mΩ·cm, Millipore) at concentrations of 0.5 M
(butanoic acid), 0.3 M (sodium pentanoate, pentanoic acid, and
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III. RESULTS AND DISCUSSION
Figure 1 shows input Raman spectra and output Raman-MCR
spectra obtained from aqueous carboxylic acid solutions, and

sodium butanoate), 0.1 M (sodium hexanoate and hexanoic
acid), 0.075 M (sodium octanoate), 0.050 M (sodium
decanoate), 0.015 M (sodium dodecanoate), 0.25 M
(tetrapropyl- and tetrabutylammonium bromide), and 0.1 M
(tetrapentylammonium bromide), 0.1 M (trimethyloctylammonium bromide).
In order to obtain hydrophobic hydration shell spectra of the
above solutes, it is necessary to suppress hydration shell
features arising from carboxylic acid head groups or bromide
counterions. This was done by including an equimolar
concentration of formic acid, sodium formate, or sodium
bromide in the solvent reference solution.17 In other words, the
hydration shell spectra obtained by performing a Raman-MCR
analysis of pairs of Raman spectra obtained from equimolar
solutions of RCOOH and HCOOH, or RCOO−Na+ and
HCOO−Na+, or R4N+Br− and Na+Br−, yield hydration-shell
spectra arising primarily from the R groups. Note that previous
studies have shown that monovalent cations such as Na+ have a
negligible inﬂuence on the water OH stretch Raman band, and
thus, Na+ is eﬀectively invisible to Raman-MCR.20,28
To obtain Raman spectra of carboxylic acids in their neutral
form, the acids were dissolved in pure water, as the carboxylic
acid pKa of ∼4.9 implies that [RCOOH]/[RCOO−] > 99%. To
obtain Raman spectra of carboxylate anions, the aqueous
carboxylic acid solutions were adjusted to pH ∼7.3 (±0.3) by
adding an approximately equimolar amount of sodium
hydroxide (solid pellets, Mallinckrodt), thus converting >95%
of the carboxylic acids from RCOOH to RCOO−Na+. The pH
was measured using a Pinnacle 530 pH meter (Corning), and
the conversion from RCOOH to RCOO− was conﬁrmed by
the appearance of the carboxylate stretch Raman band at
∼1415 cm−1. Raman spectra were collected, as previously
described,18,19 from 20 to 100 °C (in 20 °C increments) using a
temperature controlled spectroscopic cell holder (LC600,
Quantum Northwest), and a home-built Raman instrument
(utilizing a 514.5 nm argon ion excitation laser with a power of
∼15 mW at the sample). Two or four spectra, each with an
integration time of 5 min, were collected from each solution.
The Raman-MCR analyses of the measured solution Raman
spectra were carried out using the self-modeling curve
resolution18,29 (SMCR) algorithm, implemented in Igor Pro
6.32A (Wavemetrics, Inc.), to obtain pure solvent and solutecorrelated (SC) components. More speciﬁcally, the pure
solvent spectral component was in each case constrained to
correspond to the measured Raman spectrum of the solvent
(which in some cases contained equimolar formic acid, sodium
formate, or sodium bromide, as described above). The resulting
minimum area SC spectra reveal features arising both from
intramolecular vibrations of the solute and from any hydrationshell water molecules whose vibrational structure is perturbed
by the solute.
Unless stated otherwise, all of the SC spectra presented in
this work were scaled to pertain to the same solute
concentration, by ﬁrst normalizing the SC spectra to the solute
CH band area and then multiplying the resulting spectrum by
the number of CH groups in the solute. We have found that the
latter procedure produces spectra that are essentially identical
to those obtained by dividing the absolute intensity of each SC
spectrum by the corresponding solute concentration (but the
CH normalization procedure is more reliable, as it suppresses
variations due to drifts in the excitation laser intensity or optical
alignment).

Figure 1. Raman and Raman-MCR spectra obtained from aqueous
carboxylic acid solutions. (A) Raw Raman spectra of pure water and an
aqueous solution of pentanoic acid. (B) Solute-correlated (SC) spectra
of 0.3 M pentanoic acid and sodium pentanoate. (C) Expanded view
of the hydration-shell OH bands in the SC spectra of 0.3 M pentanoic
acid (solid green), sodium pentanoate (solid orange), formic acid
(dashed green), and sodium formate (dashed orange). The spectra in
parts B and C were all obtained using SMCR with pure water as the
solvent. (D) After headgroup subtraction, the SC spectra of pentanoic
acid (green) and sodium pentanoate (orange) resemble the hydrationshell spectrum of n-butanol (dashed black). Note that all of the
hydration-shell spectra in panels B−D pertain to the same solute
concentration.

illustrates how such measurements may be used to distinguish
hydration-shell features arising from the carboxylic acid polar
head and nonpolar tail groups. Figure 1A shows the raw Raman
spectra of pure water and a 0.3 M solution of n-pentanoic acid
(n-C5OOH). Figure 1B shows Raman-MCR hydration shell
spectra obtained from an SMCR analysis of pure water and
aqueous solutions containing either neutral pentanoic acid (nC5OOH) or charged sodium pentanoate (n-C5OO−Na+). An
expanded view of the OH stretch bands obtained from the
latter SC spectra is shown in Figure 1C, along with the
corresponding SC OH bands obtained from aqueous solutions
of formic acid (HCOOH) and sodium formate (HCOO−Na+).
The similarity of the solid and dashed OH bands (peaked at
∼3300 cm−1) conﬁrms that this band is primarily due to the
carboxylic acid and carboxylate head groups. Figure 1D shows
hydration-shell spectra obtained when the input solvent
spectrum is that of an equimolar formic acid (or sodium
formate) solution, so that the resulting Raman-MCR SC
spectra contain features arising primarily from the hydration
shell of the aliphatic (CH3CH2CH2CH2−) tail (as described in
section II). The latter spectra are remarkably similar in shape to
the hydrophobic hydration-shell spectrum of aqueous nbutanol,18 which is also shown in Figure 1D. Note that both
9418
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are very similar to those previously observed in aqueous
alcohols of the same aliphatic chain lengths (see the Supporting
Information).18 Note that the higher frequency of the new Hbonded OH band that emerges at high temperature indicates
that the latter hydration-shell structure has weaker H-bonds
and lower tetrahedral order than the surrounding bulk water (at
the same temperature).18 Although the latter structural
transformation is most clearly evident in these spectra, from
which the headgroup hydration shell features have been
removed, it is also evident before headgroup subtraction (see
the Supporting Information).18
The results shown in the three right-hand panels of Figure 2
reveal that a similar hydrophobic structural transformation also
takes place after the carboxylic headgroup has been
deprotonated (at pH ∼7), but now the onset of the
transformation is shifted to aliphatic chains that have one
additional methylene group. In other words, the transformation
around butanoic acid (A) is similar to that around a pentanoate
anion (D) and the transformation around pentanoic acid (C) is
similar to that around a hexanoate anion (F). This implies that
deprotonating a carboxylic acid headgroup suppresses the water
structural transformation around the nearest α-methylene
group but not the remaining aliphatic chain, farther away
from the negatively charged headgroup.
To aid in the interpretation of the Raman-MCR results
shown in Figure 2, we have performed Hartree−Fock (6-311G
++(3d,3p)) and density functional theory (B3LYP/6-311G+
+(3d,3p)) calculations of carboxylic acids and carboxylate
anions (see the Supporting Information). These calculations
indicate that the α-methylene group of a pentanoate anion is
more negative than that of pentanoic acid by approximately
−0.1e, as determined using both the Mulliken31 and natural
population analysis (NPA)32 methods. This charge delocalization is expected to decrease the hydrophobicity of the αmethylene group and stabilize the formation of water dangling
OH structures.17
In an eﬀort to further elucidate the inﬂuence of carboxylic
acid deprotonation on water structure, we have performed
molecular dynamics (MD) simulations with ∼500 TIP4P water
molecules and a single OPLS-AA pentanoic acid or pentanoate
molecule (see the Supporting Information for further details).
Note that the classical OPLS-AA potentials used in these
simulations are consistent with the above intramolecular charge
redistribution, as the OPLS-AA potential for the α-methylene
of carboxylate anions also has a net negative charge that is 0.1e
greater than that for neutral carboxylic acid. We used such
simulations to calculate the tetrahedral order parameter (q) of
water around each solute methylene/methyl group using the
method described by Errington and Debenedetti.33 Note that a
value of q = 1 pertains to a local structure of water in which the
four nearest neighbors of a central water molecule are located
on the vertices of a tetrahedron. Thus, lower values of q
correspond to less tetrahedrally ordered water and higher
values of q indicate more tetrahedrally ordered water.
As shown in Figure 3, our MD simulation results indicate
that charging (deprotonating) a carboxylic acid headgroup
exerts a signiﬁcant inﬂuence on water structure around the αmethylene. More speciﬁcally, Figure 3A shows the tetrahedral
order parameter distribution functions, P(q), pertaining to
water molecules within 0.4 nm of either the α-methylene
(carbon 1) or the γ-methylene (carbon 3) of pentanoic acid
(blue points) and pentanoate (red points). These results
indicate that tetrahedral order around the α-carbons (solid

the n-pentanoic acid and n-butanol hydrophobic hydrationshell spectra include a relatively sharp peak at ∼3660 cm−1
arising from a water dangling (non-H-bonded) OH group in
the solvation shell,17,20,30 as well as two broader H-bonded OH
bands, one at ∼3450 cm−1 and the other at ∼3200 cm−1. The
relative intensity of the latter two bands reﬂects the degree of
tetrahedral order in the solute hydration shell, as conﬁrmed, for
example, by noting that both ice and clathrate hydrates have a
more prominent lower frequency (∼3200 cm−1) OH shoulder
than liquid water.18 Note that the somewhat diﬀerent areas of
the H-bonded OH bands of n-butanol and pentanoic acid may
be inﬂuenced by the headgroup subtraction procedure
(implemented by including formic acid in the solvent
spectrum), and so may not be as signiﬁcant a measure of
hydrophobic hydration shell structure as the similar shapes of
the two spectra.
Figure 2 shows the temperature dependence of the
hydration-shell spectra of butanoic acid, pentanoic acid,

Figure 2. Temperature dependent hydration-shell spectra. The SC
spectra of aqueous (A) butanoic acid, (B) sodium butanoate, (C)
pentanoic acid, (D) sodium pentanoate, (E) hexanoic acid, and (F)
sodium hexanoate are shown for the 20−100 °C temperature range.

hexanoic acid, and the corresponding deprotonated carboxylate
anions. As the temperature increases, three types of changes are
evident: (i) a decrease in the H-bonded OH stretch band area,
(ii) an increase in the dangling OH bond peak area, and (iii) in
some cases a dramatic temperature dependent shape change
and shift to higher frequency of the H-bonded OH band. Note
that a decrease in the intensity of the hydration-shell OH band
indicates that the corresponding hydration shell more closely
resembles bulk water (as the hydration-shell OH band would
necessarily disappear if the water molecules in the solute’s
hydration shell were identical to bulk water molecules). Thus,
our results imply that, as temperature increases from 20 to 40
°C, the hydrophobic hydration-shell water structure increasingly resembles that of bulk water. The increase in the dangling
OH band area with increasing temperature indicates that
dangling OH structures are entropically stabilized.17 The more
dramatic hydration-shell spectral shape changes around the
longer chain solutes, pentanoic acid, hexanoic acid, and
hexanoate (shown in the three left-hand panels of Figure 2),
9419
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Figure 3. Tetrahedral ordering of hydration shell water molecules. (A)
Tetrahedral order distribution, P(q), of water molecules around
carbons 1 (closed triangles) and 3 (open triangles) of pentanoic acid
(blue triangles) and pentanoate (red triangles). (B) Average
tetrahedral order of the water molecules around each of the carbon
atoms in the aliphatic tails of pentanoic acid and a pentanote anion.

points) is quite sensitive to headgroup charge, while that
around γ-carbons (open points) is virtually identical for
pentanoic acid and pentanoate. Figure 3B shows the average
tetrahedral order parameter ⟨q⟩ around each of the methylene
and methyl groups of pentanoic acid and pentanoate. These
results conﬁrm that water around the outermost methylene and
methyl groups is predicted to be unaﬀected by deprotonating
the headgroup, while water structure around the α-methylene
groups is most strongly aﬀected by headgroup deprotonation,
in qualitative agreement with our experimental results.
However, the MD simulations suggest that charging the
headgroup also inﬂuences the water molecules around the βmethylene group (carbon 2), though to a lesser extent than the
α-methylene group.
To further investigate the inﬂuence of charged groups on
hydrophobic hydration-shell structure, we have performed
Raman-MCR experiments on aqueous solutions of tetraalkylammomium bromide salts (R4N+Br−) and trimethyloctlyammonium bromide (C8TAB) as a function of temperature from
20 to 100 °C, as shown in Figure 4, Panels A−C in Figure 4
show the hydration-shell spectra of R4N+, where R =
CH3(CH2)2, CH3(CH2)3, and CH3(CH2)4, respectively, while
panel D shows the hydration-shell spectra of C8TAB. In each
case, an equimolar amount of NaBr was added to the solvent
reference solution (as described in section II), to ensure that
the resulting hydration-shell spectra contain features arising
primarily from the molecular cation hydration shells, with little
or no contribution from the hydration shell of the Br−
counterions.
The R4N+ hydration-shell spectra shown in panels A−C of
Figure 4 look remarkably similar to those of n-alcohols with the
same R-groups, including the appearance of the water structural
transformation when the R-group contains four or more
carbons. This seems to imply that water structure is dictated
primarily by the length of each R-group, rather than by the total
number of solute methylene/methyl groups (since R4N+ has 4
times as many methylene/methyl groups as an alcohol with the
same R-group). However, the hydration-shell spectra of
C8TAB, shown in panel D of Figure 4, lead to a diﬀerent
conclusion, as the C8TAB hydration shell clearly does not
undergo the structural transformation. In other words, if the
transformation was dictated only by the length of the longest Rgroup, then C8TAB should have shown clear evidence of a
structural transformation. Instead, the temperature dependence
of the water structure around C8TAB resembles that around the
tetrabutylammonium cation and n-butanol. The similarity of

Figure 4. Temperature dependent hydration-shell spectra. Panels A−
D show the hydration-shell spectra of tetrapropylammonium bromide,
tetrabutylammonium bromide, tetrapentylammonium bromide, and
trimethyloctylammonium bromide, respectively. Only tetrapentylammonium bromide hydration-shell undergoes the structural transformation.

these hydration-shell spectra to that of n-butanol suggests that
the structural transformation observed to take place around the
C8TAB and the tetrabutylammonium cation only involves
about four methylene/methyl groups. This suggests that the
central cationic charge suppresses the water structural transformation well beyond the α-methylene group that is closest to
the nitrogen atom.
Previously reported quantum calculations indicate that the
nitrogen atom on such cations is nearly neutral, or may even
have a slight excess negative charge,14,16 thus implying a
signiﬁcant charge redistribution from the central nitrogen atom
to the neighboring methylene groups. Moreover, our previous
Raman-MCR studies revealed that hydration shells of
tetraalkylammonium cations have signiﬁcantly fewer water
dangling OH groups than n-alcohols with the same number of
carbons, thus implying that cations suppress the formation of
dangling OH defects in water’s tetrahedral H-bonding network.17 Thus, the lower number of dangling OH groups in the
hydration shells of tetraalkylammonium cations apparently
stabilizes clathrate-like water structures and suppresses the
temperature induced transformation of water to a less ordered
and more weakly H-bonded structure.
Comparisons of the results shown in Figures 2 and 4 provide
further evidence that −N(CH3)3+ and −COO− head groups
have a quite diﬀerent inﬂuence on neighboring hydrophobic
hydration shell structures. More speciﬁcally, the hydration-shell
spectra in Figure 2F show clear evidence of a temperature
dependent water structural transformation in the hydration
shell of n-C6OO−, while the spectra in Figure 4D indicate that
the structure transformation has been suppressed by the
cationic headgroup of C8TAB, even though C8TAB has a
longer aliphatic tail than n-C6OO−. Thus, a cationic −N(CH3)3+ headgroup is far more eﬀective in suppressing the
hydrophobic water structural transformation than an anionic
−COO− headgroup.
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IV. CONCLUSIONS
We have used Raman-MCR to discover that the hydrophobic
hydration shells of neutral n-carboxylic acids closely resemble
those of n-alcohols with the same number of methylene/methyl
groups. This suggests that neutral polar head groups do not
signiﬁcantly alter the water structure around neighboring
aliphatic groups. However, once the neutral carboxylic acid
headgroup is deprotonated, the water structural transformation
around the neighboring aliphatic tail resembles that around an
n-alcohol whose tail is one carbon shorter. This suggests that a
negatively charged headgroup only signiﬁcantly inﬂuences
water structure out to the nearest α-methylene group. On the
other hand, our results imply that the positive charge of
tetraalkylammonium cations inﬂuences water structure out to
several methylene groups around the central nitrogen atom.
These diﬀerences may in part be linked to the great extent of
intramolecular charge delocalization in the cations but are also
likely to be inﬂuenced by the fact that anions stabilize, while
cations suppress, the formation of dangling OH defects in
water’s tetrahedral H-bond network.
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